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CHAPTER I
INTRODUCTION
The ever-increasing demand for additional communications capacity
has led sy s tem design engineers to increase operating frequencies
r.^	 higher into the millimeter wave frequency band. Also, to effectively
double communications capacity for a given satellite communications
system, frequency reuse systems employing orthogonal polarizations have
been suggested [11. However, for operating frequencies above 10 GHz
rain attenuation and depolarization become more severe because of the
in,7reased signal scattering and absorption by raindrops. Before future
communications systems can be designed for maximum reliability and
economy, a clearer understanding of these we-the y induced phenomena is
necessary. Presently an experimental data base is being collected to
describe the effects of rain on terrestrial and satellite communications
links. Measured signal attenuation, orthogonal channel isolation, and
phase shift data are being correlated with weather data to aid the
design engineer in the prediction of rain effects on millimeter wave
propagation. Since this collection of data is relatively expensive,
especially for satellite communications links, theoretical models have
been developed to predict weather effects on communications link
performance. This report investigates the ability of a theoretical
model to account for the ,nhomogenecus rain aondituras present on a
satellite communications link and thus accurately predict the effects
of weather on system performance.
Theoretical modeling of the scattering properties of an ensemble
-2-
of particles was considered by Gustav Mie as early as 1908 [2]. The
present development of theoretical modeling as related to a rain-filled
space and the restrictions associated with the ensemble of raindrops
will be discussed in Chapter II. In Chapter III a new deterministic
theoretical model is presented with an associated rain propagation
-^	 prediction program that can model an inhomogeneous rain and accuratelY
predict the effects of precipitation on a satellite communications link
E	 for a variety of frequencies, elevation angles and locations. Finally
in Chapter IV, the most recent multiple frequency data from various
depolarization experiments are presented as verification of the new
model.
The new model presented in Chapter III, although more general than
previous models, is theoretically equivalent to each of the classical
models presented in Chapter II under the assumptions of the respective
model. By taking a slightly different approach in the theoretical
derivation of the new model, the scattering properties of an arbitrary
j	 inhomogeneous ensemble of raindrops and ice crystals can be determined
and the validity of other theoretical models can be verified. Unique
aspects of the new model are: 1) attenuation and depolarization are
computed directly in terms of the scattered fields from an ensemble of
particles containing an arbitrary mixture of particle type (rain or
ice), particle shape, particle size, particle density and particle
orientation, 2) an inhomogeneous mixture of particles and the presence
of a melting layer along the propagation path is accounted for directly
in determining the scattering fields exiting the rain medium, 3) a
- 3 -
frequency independent synthetic storm algorithm models the nonuniform
rain rates present on a satellite communications link, 4) antenna-wave
interaction is considered, and 5) signal attenuation, channel isolation
and phase as a function of ground rain rate can be determined for a
variety of site locations from a knowledge of the operation frequency,
system antenna polarization parameters, and the system elevation angle.
- 4 -
CHAPTER II
REVIEW OF CURRENT THEORETICAL PROPAGATION MODELS
Although Gustav Mie in 1908 [2] was responsible for the prelimi-
nary foundation for theoretical work reliting to the attenuation and
depolarization of electromagnetic waves propagating through rain, it
was not until 1960 that Oguchi [3] first considered the depolarization
of an incident fie l d by an oblate spheroidal raindrop. Oguchi obtained
the first-order change in the scattered field from a single oblate
raindrop by expanding the scattered field directly in a series of
spherical vector wave functions involving powers of the raindrop
eccentricity. The single oblate raindrop scattering coefficients
provided the foundation for all theoretical rain depolarization models
that followed. The scattering coefficients of Oguchi were later veri-
fied using different theoretical methods by Morrison and Cross of Bell
Labs in 1974 [4] and Uzunoglu, Evans, and Holt of the University of
Essex, England in 1977 L53.
Using the theory of van de Hulst [6], Oguchi extended the single
drop solution to an ensemble of identical, equioriented oblate sphe-
roidal raindrops. By decomposing the incident field along the ortho-
gonal axes defined by the principal planes of the canted oblate rain-
drop, Oguchi determined an effective complex refractive index of the
rain medium. The application of the work of Oguchi to the problem of
depolarization as related to a communications system was first made by
Thomas of Bell Labs in 1971 [7]. He showed that a difference in
attenuation for waves polarized along the major and minor axes of an
T
4
-5-
oblate raindrop would lead to depolarization of any wave not polarized
	
	 zi
parallel to one of the principal axes. However, Thomas neglected the
effects of differential phase on the depoiarization of an electric
field. The assumptions of the theoretical model of Thomas are given
below:
—16
	 1)	 Uniform rainfall over the ent-Ire path,
2) Laws and Parsons [8] raindrop-size distribution,
3) Single scattering (which is to say that each raindrop
is illuminated by an incident plane wave and wave
interaction between drops is negligible),
4) 100IV oblate spheroidal equioriented raindrops at an
effective canting angle 0.
The theoretical models of Watson (1973) [9] and Chu (1974) [10] also
employ the assumptions of Thomas; however, these models consider the
effects of differential attenuation and differential phase. The work
of Watson and Chu, referred to as the classical propagation constant
formulation, predicted rather well the rain effects experienced on a
terrestrial communications lint; with nearly uniform rain conditions.
Wiley [11] in 1973 checked the validity of the classical propaga-
tion constant model. He derived the same results by directly summing
the scattered fields located within the first Fresnel zone from an
arbitrary equioriented ensemble of raindrops. (R drop Size distribu-
tion was not included.) Wiley also illustrated that theoretical models
could represent an ensemble of raindrops that contained up to 601%,
f^ 
-b -
e
,.	 spherical raindrops and accurately predict measured depolarization data.
This difference in opinion of the percent of oblate raindrops is
complicated by the positions of meteorologists Jones [12] and Pruppacher
and Pitter [13]. Using experimental vertical wind tunnel conditions
and formulations relating surface tension to particle shape, Pruppacher
and Pitter hypothesize that, except for only the largest drops, rain-
drops are oblate spheroidal particles. Based on real rain measurements,
Jones indicates that a real rain is composed of spherical, oblate
spheroidal, prolate spheroidal and irregular shaped raindrops for all
size classes greater than 0.9 Tm spherical radius. Depending on the
assumption of the percent of oblate raindrops present in an ensemble of
raindrops, channel isolation can vary by a significant amount for a
given value of attenuation as indicated in Fig. 2-1. (This figure was
obtained from the results of Chapter III.) Since the work of Jones
indicates the presence of shapes other than oblate and the effect of
different raindrop shapes has a significant impact on the prediction of
channel isolation, a theoretical propagation model should include a
particle shape distribution.
Although still assuming 100% oblate spheroidal raindrops, Uxijnoglu,
Evans, and Holt [5] and Howland, Olsen, and Shkarofsky [14] in 1977
indicated that a distribution of canting angles should be included in a
theoretical model. Since the classical propagation constant formula-
tion is restricted to equioriented raindrops, a stochastic averaging
process was implemented. By weighting the elements of the scattering
matrix as seen in Eq. (2-1) with a Gaussian probability distribution
I
r
1
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Figure 2-1. Isolation versus attenuation
for different percentages of
oblate raindrops. (f = it GHz,
no canting angle distribution,
circular polarization, L = 10 km).
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where
oil - d cost a + d 	 sine a
D22 = d sine a + d 	 cos t a	 (2-1)
DMZ = 021 = ( dv - d h ) cos a sin e
and the symbols w, dv,h , a, fv9h , N. and L are defined as
w	 = normalized Gaussian weighting function
- jXL Z N(^ fu h(^dv'h ; e	 -
a	 = drop canting angle
fv,h = princi pal plane single drop scattering coefficients
N(a) = number of raindrops per unit volume in the a to a +
da equivolumetric drop radius interval.
L	 = rain extent length
Because a stochastic averaging process was used, the above formulation
ignores multiple scattering between arbitrarily oriented raindrops.
However, the assumption was made that multiple scattering is negligi-
ble. This assumption can be verified by the more general model
presented in the following chapter because it accounts for the arbi-
trarily oriented particles directly.
S	 7_
a,
- 9 -
For satellite communications links the assumption of uniform rain-
r
fall cver the entire i-ain extent is not a.':quate in describing the
t	 effects of precipitation on system performance. As peak rain rate
G
increases, rain cells of higher rain rates decrease in size. Based on
experimental attenuation measurements, researchers [15], [16], [17]
have implemented an effective path length ( Le ) that models the nonuni-
for: rain rates present on a satellite communications link. However,
it will be shown in Sec. 3.6 that this method is frequency dependent
s
and overly restrictive. Therefore, a frequency independent synthetic
storm algorithm will be presented.
The formulations of Uzunoglu, Evans and Holt [5] and Nowland,
4	 Olsen, and Shkarofsky [14] represent the current status in theoretical
4
propagation models. However, these formulations do not consider the
effects of an ensemble cf arbitrary particles and an inhomogeneous rain
medium. The theoretical model presented in the following chapter
accounts for the scattering properties of an arbitrary inhomogeneous
ensemble of particles without a significant increase in model complex-
i ty.
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DEVELOPMENT OF THE THEORETICAL MODEL
A theoretical rain propagation model should represent accurately
the physical nature of a rain medium and allow a wide range of rain
parameters; thus, the effect of precipitation on communications system
performance can be determined accurately. Parameters such as canting
angle, particle size, particle shape and particle type should be
described with deterministic distributions based on existing physical
knowledge of their behavior. The model also should be flexible so
that these parameters can be adjusted to best describe the true
physical nature of the rain medium. In this chapter a model is
presented that provides this generalized format and henceforth will be
referred to as the scattering modet.
3.1 Electromagnetic Scattering by an Oblate Spheroidal Particle
To develop a solid foundation for the derivation of the scattering
mode Z, the scattering properties of a single oblate raindrop will be
considered first. The oblate raindrop is of extreme importance in any
model that predicts the attenuation, depolarization, and phase shift
of an electric field. The oblate particle through its differential
attenuation and differential phase properties provides the key mecha-
nism in the depolarization process. Oguchi and Hosoya [18], Morrison
and Cross [4], and Uzunoglu, Evans, and Holt [5] have published single
drop scattering coefficients as a function of drop size for the princi-
pal planes of the oblate drop. The drop size is represented by an
- 10 -
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equivolumetric drop radius, and as the radius increases the drop
becomes more oblate. The available scattering coefficients agree
rather well and provide the basis for any theoretical model.
An oblate spheroidal raindrop canted at an angle a with respect to
an arbitrary x-y coordinate system is illustrated in Fig. 3.1-1. If
the x y coordinate system is aligned with true horizontal and vertical,
e is the drop canting angle. Following the notation of Oguchi, the
h-v axis in Fig. 3.1 -1 represents the orientation of the oblate rain-
drop where the h and v axis are aligned with the drop major and minor
axes, respectively. Another important parameter needed in the calcula-
tion of the single drop scattering coefficients is the elevation angle.
The elevation angle a is the angle between a plane parallel to the
local horizontal and the direction of propagation represented by the
vector K 	 For a terrestrial communications link, this angle would be
zero. A satellite link would have an elevation angle ranging from 0 to
90 degrees. Knowing the equivolumetric drop radius as defined by
Uzunoglu, Evans and Holt and given in Fig. 3.1-1, the elevation angle,
	
i
and the frequency of propagation, the vertical and horizontal scatter-
ing coefficients fv and f  can be determined.
Any incident field can always be decomposed into orthogonal linear
components along the principal axes of the oblate spheroidal raindrop.
Thus, single drop scattering coefficients are given only for theg	 P	 9	 9	 Y
principal axes of the drop. Single drop scattering coefficients are
defined in several ways in the literature; the definition of Oguchi
- 12 -
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b
Drop Radius = 10[1 - -^] mm
a
Figure 3.1-1. Arbitrary oblate spheroidal
raindrop canted in an arbitrary
x-y coordinate system.
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fv : ratio of the forward scattered electric field
component along the drop minor axis to the
incident electric field component along the
drop minor axis
f h : ratio of the forward scattered electric field
component along the drop major axis to the
incident electric field component along the
drop major axis .
The incident electric field component along the drop major axis (h)
experiences more attenuation and phase shift than the component along
the minor axis (v). This effect causes the depolarization of incident
fields that are not linearly palarized along one of the principal axes.
The by decomposition is overly restrictive. Wiley [11] has shown
that a generalized scattering coefficient can be defined as a function
of a and the single drop scattering coefficients. The generalized
scattering coefficients allow the incident field to have any arbitrary
angle with respect to the drop. These coefficients are easily derived
(see Appendix 6.1.1) and are given below in terms of the arbitrary x-y
coordinate system:
fxx = fv sinz a + f  cas t e
fxY = (fv - fh ) sin 8 cos a	
(3.1-1)
fyx fxy
fyy = f  cos t
 a + f  sin z
 e
6	 The symbol fpq will be used to represent the general scattering coeffi-
^'	
5	 dent.
'	 Now the forward scattering effects of an oblate spheroidal rain-
.
drop can be examined. The incident field on the drop can be written in
F	 ^,
the general form
E7	 Ex x + EY Y	 (3.1-2)
for all polarization states where E x and Ey are phasor quantities. The
forward scattered electric field at point P in Pig. 3.1-1 is expressed
by the relation
is m - {Exx(P) + Eyx(P)}x + its
 (P) f is M iy	 (3.1-3)
where
_3 kor
I	 Es(P)rL(P)fpge r (3.1-4)
the scattered electric field component with
polarization q as a result of an incident field
with polarization p, evaluated at point P
n
^. and,
:k
= the ratio of the forward scattered electric fieldfpq
with polarization q to the incident electric field
with polarization p evaluated for a particular drop
orientation, drop size, and frequency.
- j kor
The 	
r	
factor of Eq. (3.1-4) describes the spherical wave behavior
R,
F!	 -15 -
of the scattered field between the drop and point P. Although the
oblate drop oes have back and side scattering m. erties thep	 g p p	a	 a ares
of no consequence in the prediction of rain effects on a point to
point millimeter wave communications link. However, back-scattering
coefficients are available in the literature [18] and can be used in
place of the forward scattering coefficients in Eqs. (3.1-1) and
(3.1-4) to obtain the back-scattered electric field.
The forward scattering effects of an oblate raindrop can be
described by Eq. (3.1-3) in terms of the drop orientation, drop size,
and frequency. The generalized scattering coefficients of Wiley [11]
also can be extended to aM particle having two axes of symmetry.
With this fact, the scattering effects of a slab of arbitrary particles
can be investigated.
3.2 Electromagnetic Scattering . by a Single Homog,er:aous Slab of
Arbitrary Particles
To predict accurately the effects of precipitation on a given
communications link, the propagation path may be subdivided into small
intervals of thickness 42 which are commonly called rain slabs. To
describe the scattering properties of a slab, and hence the scattering
E	
properties of the entire propagation path, a physical understanding of
'} ` y
	the rain parameters is racessary. Jones [12] has indicated that rain
consists of particles with a variety of shapes. An average rain
consists of spherical, oblate spheroidal, prolate spheroidal, and
irregular shaped raindrops. Furthermore, it is not uncommon to find
tf
1
L
4
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that a heavy concentration of ice crystals at higher altitudes affects
the performance of a satellite link. The particle shape, particle
orientation, and particle density influence electromagnetic waves
propagating through a rain medium. All particle shapes except for
spherical contribute to the depolarization of the incident field. For
this reason the electromagnetic scattering from a single homogeneous
slab of arhiirary particles is extremely important to the evaluation
of rain effects on millimeter wave propagation.
In 1957 van de Hulst [6] addressed the problem of light scattering
by a slab of particles. Although the scattering here is at high radio
frequencies, van de Hulst ` s optical work will serve as a foundation for
F!
	
	
the development of the scattering model. Consider a homogeneous slab
of particles At meters thick and infinite in extent in the transverse
plane as shown in Fig. 3.2-1. Since single drop scattering coef)i-
cients are not readily available for irregular and prolate spheroidal
raindrops, the assumption will be made that all scattering effects of
the slab are produced by spherical raindrops, oblate spheroidal rain-
drops, and ice crystals. However, if coefficients do become available
for the irregular and prolate spheroidal raindrops, their inclusion in
the theoretical development of the model would further refine the
physical representation of the rain medium. With the exception of the
work of Wiley [111, most researchers have assumed 100% oblate raindrops
j"	 which is not physically accurate. Also, any model with the 100 % oblate
.^
	
	
assumption inherently predicts more depolarization for a given rain
rate and attenuation because non -depolarizing spherical scatterers are
N-^
M
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Figure 3.2-1. Homogeneous rain slab of
arbitrary particles.
k
- 18 -
omitted.
The incident field on the slab of particles is assumed to be a
uniform plane wave propagating in a direction perpendicular to the slab.
Also, the magnitude of the incident field is the same for all particles
within the slab. The incident field, regardless of polarization, can
be represented by its x and y components as in the previous section.
The rain slab is assumed to be large-scale homogeneous with a mixture
of particles having varying shapes, sizes, and orientations within the
volume of the slab. The distribution functions describing these para-
meters will be discussed in greater detail in Sec. 3.6. The purpose of
this section is to determine the total electric field exiting the propa-
gation medium.
The total electric field at point P is the sum of the incident
field and the forward scattered field both evaluated at point P.
ET (P) = E^(P) + Es (P)	 (3.2-1)
,
The total forward scattered field at point P is the sum of the scat-
tered fields from all the particles within the slab. The total scat-
s
	
! E	 tered electric field with polarization g resulting from an incident
	
4	 field with polarization p evaluated at point P is expressed by
-j k0(rm - zm)
Epg (P) = Ep(P) Z fpq (a, a) e	
r	
(3.2-2)
m m
	
m
All Particles
r
The factor fps (a, s) is the generalized complex forward scattering
-	 m
r	 '
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coefficient for the m th particle as found in Eq. (3.1-1) and represents
the change in amplitude, phase, and polarization that the incident field
experiences as a result of the mth particle. Note that the scattering
coefficient is a function of particle size (a) and particle orientation
(e) and must remain within the summation. The factor a -J ko (r m - zm)/rm
represents the spherical nature of the scattered waves and the effect
of the location of the m th particle on the phase of the scattered field
at point P.
With a few assumptions Eq. (3.2 -2) can be simplified. Consider
the geometry for the location of the mth particle as shown in Fig.
3.2-1. The relative phase difference corresponding to the path
difference (rm - zm) is all that need he considered in determining the
phase of the scattered waves arriving at point P. If the assumption is
made that zm >> Pm , then rm = Z  and:
r2 = P 2 + zZ
m	 m m
V
Pm = r2 - z2 = ( rm - zm)(rm + zm)
(rm - 
zm) 
= 
P2 (r
/	
-, Pm/
2 z (zm >> p
m )	 (3.2-3)
m +zm
)	
m
The assumption zm » Pm is reasonable because the scattered fields at
point P are influenced coherently only by the particles located within
the first few Fresnel zones. For a satellite link, the radius of the
first Fresnel zone corresponding to a rain extent less than 15 Ian is
less than 20 meters. Using Eq. (3.2-3) in Eq. (3.2-2) yields
a
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/
-^ ^° pm 2 z
-	
E	 ipq(P) 
r 
p(P) 
>m 
fpgm(a, e) e	 ^	 (3.2-4)
All Particles
► ^	 Although the evaluation of ;he sum in Eq. (3.2-4) is a relatively simple
. +	 procedure, several new symbols are needed to abbreviate the somewhat
long and cumbersome summations. These symbols will be defined as they
are needed.
'	 Let NP represent the total number of particles within the slab,
I	 and let PeS, Pea, and Pe I represent the effective fraction of particles
i	 that are spherical raindrops, oblate raindrops, and ice crystals,
i	 3
respectively. Since there are three distinct particle shapes, Eq.
(3.2-4) can be rewritten as
Pe N	 Pe N
is (p)
	 i(p)
	
P 
fSPH
( a )9 	
Ei(P)	 ° P fOBL(a' 
8)g
pq	 p	
m=l	 Pqm	 m	 p	 mzl	 pqm	
m
I
	
Spherical props	 Oblate Drops
Pe NP
(3.2-5)
+ E^( P )	 fpE(a^ e7 gm
m=
}	 m
i
I	 Ice Crystals
I
	
E	 where
2^jK0 
pm/2
	
^ 	 ^ -e	
zm .
M	 ZM
The superscripts SPH, 03L, and ICE denote the scattering coefficient
for the respective particle type.
Within each class of particle shapes there exists a distribution
- 21 -
of particle size and for the oblate raindrop and ice crystal classes
there is also a distribution of particle orientation. Let 
NSPH , NOBS,
and NI CE represent the number of spherical, oblate, a5d ice particles
within a rain slab that are in the i th size class and kth orientation
class, respectively. The scattered field can now be expressed as a
series of summations:
NSPH	 NSPH
is
	
Pq ( P ) = Ep(P)	 E	 fpgH( a 1 ) gm + ...	 E fSPH(am) 
gm
m=1	 m=1
	
p9
NOEL
	
NOBL
	
+ 
E , (P)	 ^' 1 fOBL (a
1
 , e
1 ) gm 
+ ... + Z' 1 fpq (a
n , 
e 1 ) gmp	
m- 1	 pq	 m=1	 pq
+
NOBL
	
NOBL
O	 n,mI	
f BL
(al, em) gm + ... +	 fOBL(a
	 s ) 9
m=1
	
pq	
M= l
pq n m m
N
ICE 	 ICE
11 
ICE
+ E"(P)	 fpq ( a I	 o gm + ... + E^ fpgE ( an , e 1 ) gm
m=1
	
	 m=l
a-
+
NICE	 NICE
ism fICE (a,. am) gm + ... + E'"r fICE ( an , em ) gm
m=l	 pQ	 m=l	 pq
(3.2-6)
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P4,
Note that the summation over the spherical drops is independent of
^t
canting angle. Although Eq. (3.2-6) is somewhat cumbersome, it illus-
trates the physical significance of the particular class of particles
involved in the summation process. The assumption has been made that
h	 the canting angle of a given particle is independent of the equivolu-
metric particle radius. Brussaard [191 has shown that this is not
strictly true. As the radius and the terminal velocity of the falling
particle increases, wind gradients have more effect on the orientation
of the particle. However, the assumption of independence is reasonably
accurate and it also leads to a relatively simple model.
Since the scattering coefficients in Eq. (3.2-6) are constant
within their respective s orations, they can be taken out of the summa-
Ni,k
tion signs leaving the summation E g m
 in every term. This summation
is easily evaluated ( see Appendix 6.1.2) and the result is a constant
given below:
Nick
Z gm = 
-3 X0Z ni ,k
M=l
(3.2-7)
The symbol n ick is the number of particles per unit volume in the ith
size class and the kth orientation class. Equation ( 3.2-6) now
becomes:
is ( p ) 	 9'( P)	 S^- 4 SPH ^-	 SPHp
	
= -, ^o^ p
	
n 1	 fpq (a1 ) 
+ ,.. + nn	 ^pq(an)
^y
EI
11,
,...^-
tt
t
k^
b
23 -
+	
nOBL fOBL (a ^ e) + ,..
1,1 pq	 1	 1
+
OBL OBL ^-
nn,m fp4 ( ans 
m)
+
	 nlCl fICE(a7 , TO + ...pq
ICE ICE --
nn,m fpq ( an , 
gm)	 (3.2-8)
Recognizing that the individual bracketed terms are double sums over
the discretized particle size and particle orientation distributions,
Eq. (3.2-8) can be further simplified. Let NV(ai , ek ) be the total
number of particles per unit volume with particle size a i and particle
orientation ek . Then Eq. (3.2-8) can be rewritten as follows:
M. M
is i i
 = -jXAZ E (P) E
i=1
E	 NV(ai , 9 k)i=pq(a i , ek )	 (3.2-9)
k=l
where,
F pq (ai , ak ) = (PeS 
pqH(ai) + Pe
0 fpq (ai ,k)+ 	 PeI fpq (ii , ek)l
(3.2-10)
and, the symbols M  and M k represent the number of discrete intervals
in the respective distribution functions.
Although the scattered field expression has been simplified to a
great extent, it is convenient to define an effective scattering coef-
.
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ficient for the entire slab, S pq , such that
Epq (P) = Spq i i (P)
	
(3.2-11)
From Eq. (3.2-9), the effective scattering coefficient S pq is expressed
by the relation
m  Mk
S = -jao^ E E N (a , e )F (a e)
pq	 i=1 k=l V i
	 k pq i	 k	 (3.2-12)
= the ratio of the forward scattered electric field
with polarization q to the incident electric field
i
with polarization p representing the scattering
properties of a thin rain slab with arbitrary particle
shapes, sizes, and orientations.
Using Eq. (3.1-1) in Eq. (3.2-12), the effective scattering coeffi-
cients relative to the arbitrary x-y axes can be formulated as
Mi ^k
	
Sxx 	 E Z N^(a i , ek)(PeS fSPH + sin ek(PeC fOBI. +PeI fVCE)
i =1 k=l
+ cos t 9k(PeCfOBL + PeI fICE,
5 = S = -jan^ ^i 
Mk 
N (a a }(Pe (f - f )OBL
	
xy	 yx	 i=l k=1 V i
	 k	 O v	 h
	
I.	
+ Pe	 - fh } ICE)sin ek cos $k
i
i	 k
	t €	 Syy = -jaa & s NV(a i , ek}{PeS f$PH + cos 2 ek(PeO 
fOBL + Peg f^CE)
i=1 k=1
+ sin2 ek(Pe0 fOBL + peg fhCEtl
!i
(3.2-13)
i	 r
st
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_ 4.1
The cross polarization scattering coefficients SXY and Syx represent
the scattering of energy from one polarization component into its
orthogonal component. This effect is directly related to the differ-
ential phase and differential attenuation (fv - fh ) properties of the
oblate raindrop and the ice crystal. The spherical raindrop on the
other hand does not contribute to the depolarization process and when
Pe0 and Pe I
 are zero, S. = yx = 0, and the rain slab does not
depolarize the incident field.
Using Eqs. (3.2-1) and (3.2-11), the total field at point P now
can be expressed in terms of the effective scattering coefficients as
follows:
^x (P) ' EX(P)
+ 
Ex( P) Sxx { Ey(P) Syx
EY(P) = EX(P) Sxy f EY(P) t
Y(P ) SYY	 .
In matrix form, Eq. (3.2-14) becomes
(3.2-14)
Ex(P)	 0 + Sxx)
	
Syx	 EX(P)
(3.2-15)
s
Ey(P)	
SxY
	
(1	
SYY)	 EY(P)
The scattering properties of a single homogeneous thin rain slab
of arbitrary particles now have been presented. Also an effective
scattering coefficient has been formulated that includes the effects of
arbitrary particles, a particle size distribution, and a particle
orientation distribution. So now with an understanding of the scat-
tering properties of a thin rain slab, the effect of a homogeneous
rj
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rain on a communications link can be investigated.
f	
3.3 Electromagnetic Scattering by a Homogeneous Rain
l	 i
The purpose of the scattering model is to predict the physical
changes that an incident electromagnetic wave with a given polarization
undergoes when all or part of the propagation path is filled with rain.
Now that the scattering properties of this path are understood on a
microscopic level, the entire rain extent can be modeled by extending
the work in the previous two sections. In this section the assumption
will be made that the rain is homogeneous in the direction of propa-
gation. However, this restriction will be relaxed in the next section
when a model for a piecewise homogeneous rain is developed.
Consider a propagation path with a homogeneous rain of extent Z
meters in the direction of propagation. In the previous section the
total electric field was determined at point P for a single thin rain
slab. Since the rain volume is homogeneous in the direction of propa-
gation, the rain extent z can be modeled by a series of Ms thin rain
slabs. If the incremental length At of the thin rain slab is assumed
to be one meter (at = 1 m), Ms is a large number equal to the homo-
geneous rain extent length x.
As a result of the assumption of a homogeneous rain in the direc-
tion of propagation, the Ms
 slabs have identical scattering properties
as described by Eq. (3.2-15). The effect of Ms rain slabs on the
incident field can be represented by the multiplication of the Ms
matrices as follows:
r
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fE x	 (1 + Sxx)
	
Ey	
Sxy
s	
MS	 i
^
Yx	 x
(l + SYY)	
Ey
(3.3-1)
M
The scattering matrix [S] s in Erb. ( 3.3-1) represents the changes
that the incident field experiences as it propagates through a homo-
geneous rain medium of thickness 1. However, raising a matrix to the
Mth power where Ms can be a large number ( from 1000 to 10000 depending
on the length x) is numerically awkward. This problem can be solved
by the use of the Cayley-Hamilton theorem [20]. The Cayley-Hamilton
theorem allows the 2 x 2 matrix of Eq. (3.3-1) to be expressed in terms
of the identity matrix and two unique constants as follows:
[s]Ms ° 
a0[1] ± al[s]	 (3.3-2)
where,
ao W
	
{I,	 'XiX2 - 'X1 X2 )/(X2 - X+}
(3.3-3)
	
M	 M
011 = { X2s - %Is W X2 - a1)
(Sxx+S ) (Sxx+S )a1,2 =	 2{ 	 Y l ^.	 { 1 + -- ..-ALL-}2 ° S2- • (1	 sxx)(1 * syY} .
I.
Thus, the electric field exiting the rain medium now can be represented
by
FAA
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^EX	
{ 
as + al 0 + Sxx) I
	
al 
Syx	
EX
(3.3-4)
Ey	 al Sxy	 {ao + al (1 + Syy)1 Ey
In this section the scattering properties of a homogeneous rain
have been modeled to predict the effect of this rain on an arbitrary
	
`	 incident field. Equation (3.3-1) provides a physical insight into the
scattering properties of the medium while Eq. (3.3-4) provides an effi-
cient method for computing the electric field exiting a homogeneous
	
r	
rain.
3.4 Electromagnetic Scattering by a Piecewise Homogeneous Rain
The development of the scattering model as presented in Sec. 3.2
considered a homogeneous mixture of particles with varying sizes,
shapes, and orientations in a thin slab of rain. -In the previous
section a homogeneous rain was modeled as a series of identical thin
rain slabs. In order to permit more accurate modeling of a real rain,
i
	 the homogeneous rain restriction is removed in this section.
By discretizing the rain extent on a large scale basis as shown
i	
in Fig. 3.4-1, a piecewise homogeneous rain can be modeled with M
discrete rain ce Uz . Each rain cell can have arbitrary length and
arbitrary rain conditions. The rain cells also can have different
distributions of particle shape, particle size, and particle orienta-
tion. The scattering properties of each rain cell can be represented
by a scattering matrix [S i ] where the effect of the i th rain cell on
- 29 -
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i	
the electric field is determined by Eq. (3.3-4). The resulting fields
after passing through the piecewise homogeneous rain then can be
expressed by the multiplication of the rain cell matrices as follows:
.	 i
Ex	 Ex
ES M
IISM-1 1 .-- [S Z ] CS 1 7	 (3.4-1)
i
Ey	 y
Equation (3.4-1) is a very powerful tool in predicting the effects
of an inhomogeneous rain on a millimeter wave communications link.
However, data describing the true physical nature of a given rain
extent are not readily available for most locations. To use this
equation to its fullest extent, Sec. 3.6 presents a synthetic storm
algorithm that can predict statistically rain effects for a variety of
locations. Another use of this large scale discrete model is to allow
only the first cell to contain ice particles. This is a physically
z
meaningful situation because ice crystals usually exist only at the
higher elevations of a storm. Physical situations of this nature are
handled rather well by the above formulation and the generalized format
	
,-	 of the scattering model has been achieved.
I
3.5 A Discussion of Rain ReciprociV
Now that a general model has been developed to predict the effects
of an inhomogeneous rain on millimeter waves, the effects of nonreci-
procity should be considered. Nonreciprocity as related to rain and
	
i	 millimeter wave propagation has received very 	 little attention in the
r
y
^I
I'l
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literature; however, under certain rain conditions it may have impor-
tant consequences on millimeter wave communications links. To describe
the effects of an inhomogeneous rain on millimeter waves, the medium
is modeled by the product of M homogeneous vain cell matrices. This
section will show that an inhomogeneous rain may be nonreciprocal
and then the order of matrix multiplication in Eq. (3.4-1) is important.
The reciprocity theorem [21] for electromagnetic fields states
that the response of a medium to a source ( transmitter) is unchanged
when source and measurer ( receiver) are interchanged. Consider two
arbitrary homogeneous rain cells that are placed adjacent to one another
^_
to form an inhomogeneous rain cell as shown in Fig. 3.5-1.	 The
E
measured electric field after passing through the piecewise homogeneous
rain medium can be expressed in matrix form as follows-
Ex	 Ex	 A2	 B2	 Al	 B1	 Ex
[S2] (g l ]	 -
Ey	 EY	
B2	 C2	 B 1	 C1	
E,Y
4,•
'
A2	 B2	 Al	 BlX^
B2	 (A2 + E2 }	 g l	 (A1 +
	 y
}
The symbols A i , B i , CV and E 	 represent the entries for the i th rain
k
cell matrix as defined by Eq.	 (3.3-1).	 For reciprocity as defined
above to be satisfied, the matrices [S1 ] and [S2] must be cummutative.
Using matrix algebra it can be shown that the two matrices are commuta-
z
- 32 -
Cell 1
	
Cell 2
pt
Ei
Y
on-
z
E I
x
O
0 E y
z
•
Ex
0
2
s.
L.
Figure 3.5-1. An inhomogeneous rain,
two cells of dissimilar
canting angles.
- 33 -
tive and the medium reciprocal if and only if
A = r1B2 - C21
1
 = 0 .	 (3.5-2)
fr: 5	 If	
1
r^
l`
I:
rt
a
So that a more direct understanding of the nonreciprocal phenom-
enon can be achieved, a simplifying assumption will be made. Assume
that all the particles within the respective rain cells are equioriented
oblate spheroidal raindrops with equal drop size (the distributions are
represented by unit impulse functions). With this assumption, the
matrix formulation of Eq. (3.3-1) is equivalent to the classical propa-
gation constant model formulation [22]. The matrix entries A i . B i , and
C  as defined by Uzunoglu, Evans, and Holt [5] are given below:
Ai = dh, cost 0  + d  sin2 ei
B  = 'Y i sin e  cos e i	 (3,5-3)
C  = d  sin2 e  + dv : cos? a 
^	 7
where
Yi=dv 
i - 
dh
i
-iaQ i Ni fvi
-jAu i Ni f hidh = e
i
Using Eq. (3.5-3) and the definition of e i as defined by Eq. (3.5-1),
Y,_
rr,
f'
^a
ti=
- 34 -
s i
 = C  - A i = (dv - d  ) {cos2 0  - sin e 6i}
(3.5-5)
= Y  Cost ?.6i
Now, Eq. (3.5-2) can be rewritten as
o = Y 2 l sin 2(6 2 - e l )	 (3.5-6)
where e2 and a  represent the canting angles of the raindrops in the
appropriate cells. The inhomogeneous rain medium of Fig. 3.5-1 is
reciprocal only when e = 4 or when
(62 - 6 I ) = Z
	
n = 0,1,2,3 ,..	 (3.5-7)
Note that the conditions under which reciprocity fails are independent
of the length and the rain rate of the two cells, but only depend on
the difference of the respective canting angles.
By definition the classical propagation constant model requires
that all drops in a giver thin, finite slab be equioriented. As a
result, Eq. (3.5-7) indicates that the propagation constant model
cannot deterministically model an arbitrary canting angle distribution
without mathematically violating reciprocity. For this reason the
scattering modeZ accounts for the canting angle distribution within
the finite slab with the use of the generalized single particle
scattering coefficients discussed in Sec. 3.1.
Now the impact of nonreciprocity on communications link perfor-
mance will be investigated. Although the assumptions of the classical
propagation constant model lead to an exaggerated physical interpreta-
I
11,
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tion of the nonreciprocal phenomena, simple equations which explain the
trends of nonreciprocity can be formulated. As a simple example consid-
er the piecewise homogeneous medium of Fig. 3.5-1 with the incident
field being vertically polarized(EX = 0). The exiting fields are found
..
from Eqs. (3.5-1) and (3.5-3) with Case 1 having the incident field E?
y
t	 incident on Cell 1 and Case 2 having Ey incident on Cell 2. The fields
for the two cases are given below:
Case l
{A B+ B A + e B lE^X	 1 2
	
1 2	 1 2 y
r
Eyl' 2)
	{B1B2 + (Al + e l )(A2 + e2 ) Ey
is
	
Case 2
	
(3.5-5)
c
	
E
X	
_ { Al B2 + B l A2 
+ e2B1lEY
Ey2 ' 1)
 = {6162 + ( Al + e l )( A2 + E2)}EY
Clearly,if e 1 B2 equals e2B l (o = 0), the fields of Case 1 equal the
fields of Case 2 and the medium is reciprocal.
Define AA to be the difference in attenuation of the incident
field for the two cases. The general expression for M with any inci-
dent polarization is
AA = 20 log 10 
JE 
2,	
E 
y* dB	
(3.5-9)
I
For a vertically polarized incident field, AA is
F.11,
r
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(l ,2)
AA = 20 log10(2,1) = 0	
(3.5-10)
E
Y
Independent of the rain conditions in either cell, attenuation is recip-
rocal.	 One can show, using Eq. (3.5-9), that attenuation is recipro-
cal for any arbitrary linear or circularly polarized incident field.
Although it has not been proven for the general case of elliptical
polarization, the same result is expected. Since attenuation should
depend only on the volume of water present along the propagation path,
the above conclusion seems reasonable.
Now define AI to be the difference in channel isolation on a dual
polarized communications system for the two cases of Fig. 3.5-1. The
general expressirn for any arbitrary incident polarization is
` (1,2)	 E^^
AI = 20 1og 10 E	 1	 dB	 (3.5-11)E(2 
	
E'
where E' represents the polarization state orthogonal to the incident
field. For a Vertically polarized incident field E' = E x x and Eq.
(3.5-11) reduces to
E(l'2)
Al = 20 
119 10 Ex2,1	
dB	 (3.5-12)
x
Using Eq. (3.5-8) in Eq. (3.5-12) yields
AI = 20 1og10 11 + {B1A2
	
A 1 8 2
	e26lll dB
	
(3.5-13)
Examination of Eq. (3.5-13) yields only two conditions under which
reciprocity holds for isolation:
1) a -^ a
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e
2){B1 A2, A182	 E2B1 } = -2
The first case is when the entire medium is reciprocal. The second is a
special case and will be investigated shortly.
In general isolation is nonreciprocal. This is to be expected be-
cause it is the difference in the respective canting angles that makes
the rain medium nonreciprocal. The magnitude of nonreciprocity depends
on the difference of canting angles, input polarization, and other path
rain conditions. The interdependence of the rain parameters {rain rate,
rain extent, etc.} and their effect on the magnitude of Al will be
presented through two special cases using the classical propagation
constant model formulation. From these examples it will be evident that
the magnitude of AI increases with frequency for a given input polariza-
tion and path rain conditions.
For the first special case allow the medium of Fig. 3.5-2 to have
arbitrary rain rates in either cell. Allow the cells to have any
length 
x1 and 1 2 . The canting angle e 2 is also arbitrary; however, let
e1 equal zero. Under these conditions and using Eqs. (3.5-3) and
(3.5-4) in Eq. (3.5-13) yield
dI = 24 10910 
e(a^1
 NO • Im{fvl
 - fhl} dB
	 (3.5-14)
where
01 = a
4.
EI 
/—
Cell I
Case I
0
Cel 1 2
0
Case 2
-)-i
E E0
Figure 3.5-2. An example of nonr ciprQcitj.
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A l	L4	 92
Figure 3.5-2a. Forward propagation.
Cell 2	 Cel 1 1
Figure 3-5-2b. Reverse propagation.
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e2 	 n r/2	 n = 0,1,2,3 .. .
RR2
 ^ 0
12 # 0 .
As long as e2 is not zero or ninety degrees (or a multiple thereof),
the magnitude of nonreciprocity is independent of the rain conditions
in the second cell. At first this result may seem surprising; however,
it is explained easily with a physical example. Figure 3.5-2a illus-
trates Case 1. The incident yield is not depolarized by Cell 1 and the
t
t	 drops of Cell 2 are oriented in such a manner that the field exiting
^i Cell 2 is depolarized or rotated by 0 degrees. Case 2 is illustrated
in Fig. 3.5-2b. In this case the incident field is depolarized or
rotated '.)y 0 degrees. The field incident upon Cell 1 is now oriented
such that it will be depolarized. The depolarization by CeII 2 is the
same in both cases since the input polarization is the same. However,
the depolarizing properties of cell one are different for the two
cases. Thus, the difference in isolation for the two cases depends
only on the rain conditions of Cell 1. Equation (3.5-14) is plotted
in Fig. 3.5-3 for three different frequencies as a function of rain
rate.
i	 The propagation constant model formulation predicts serious non-
reciprocal crosstalk effects on a given communications link using
I
frequency reuse techniques. Although it provides simple equations to
f	
predict the effects of various rain parameters of rain reciprocity,E
i
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s
the magnitude of the predicted results are exaggerated. The scattering
model represents the rain in a more physically significant manner. With
the inclusion of the spherical scatterer and the orientation and drop
size distributions, the magnitude of Al is significantly decreased.
Even for an operating frequency of 30 GHz, the scattering model indi-
cates that oI is less than 0.5 dB. (The propagation constant model can
also represent a drop size distribution.)
The second special case will illustrate the effect that the
difference in the respective canting angles tat - e l ) has on the
magnitude of Al. For this example, the rain rates and path lengths of
[	 both rain cells are equal, but the canting angles are allowed to be
r,	 arbitrary. Under these assumptions Y  equals Y2 and Eq. (3.5-13)
reduces to
1 + g tan a 1 cot e2
Al = 20 10910 g + tan e1 cot e2	
(3.5-15)
where
-jaNk(fv - fh)
g-e
for both cells. Note for the special case of e 2 = n - 8 1 , Al equals
zero. For any arbitrary linearly polariz=d incident field there is a
certain special case of canting angle orientation that makes the medium
reciprocal for isolation. This effect for vertical polarization is
illustrated in Fig. 3.5-4. For a fixed value of e l , the isolation for
each case and Al are plotted as a function of e 2 , dote that whenever
(e2 - Q 1 ) = nn /2 where n = 0,1,2 ..., Al is zero. Again, the magnitude
A
r
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Figure 3.5-4. An example of the effect
of canning angle on isolation
nonreciprocity. (classical
propagation constant model,
f = 3G GHz)
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of AI is exaggerated. However, the peaks in eI for the special values
^I
of 62 suggest that certain physical conditions may exist that could
affect the operation of an adaptive isolation correction system on a
given satellite communications link.
The purpose of this section was to show that nonreciprocal condi-
tions may exist on an uplink and a downlink of a given satellite commu-
nications system. The interdependence of the parameters attributing to
the nonreciprocal phenomena have been investigated with the use of
simple examples. In general the scattering model does not seem to
predict any significant nonreciprocal effects for typical rain situa-
tions in the 10 to 30 GHz frequency band. Thus, the prediction of
isolation nonreciprocity is exaggerated by models that do not include a
canting angle or particle shape distribution. However, there still may
be certain physical conditions that could have important consequences
on millimeter wave communications links. Further investigation into
the problem of rain reciprocity is necessary.
3.6 Model Im lementation
Now that the scattering model has been presented formally and a
word of caution has been noted about recip r ocity, the practical imple-
mentation of the scattering model will be presented. The final goal of
the scattering model is to predict signal attenuation, isolation, and
phase shift for a variety of frequencies and site locations as a func-
tion of measured rain rate data. Before this goal can be achieved, a
detailed analysis of particle shape, particle size, particle density,
f^
R^	 I
ED
B	
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and particle orientation as related to ground rain rate must be
formulated.	 These topics will be discussed in this section. 	 Also, the
relationship of the single particle scattering coefficients to eleva-
tion angle s will be presented.	 The effect of non-ideal antennas on
the predicted results will be investigated,	 Finally, this section
V.: presents a Rain Propagation Prediction program (RPP) that includes a
#, synthetic storm algorithm that can predict t':P effects of rain on milli-
meter wave communications links for a range of frequencies, elevation
4
angles, and locations.ir	
'
}
It has been shown that spherical raindrops, oblate spheroidal
raindrops, and ice crystals may be used to model an arbitrary rain path.
.
.' In tie practical application of the tools developed in Sec. 3.4, the
assumption will be made that a given cell consists entirely of ice
crystals or entirely of raindrops.
	 The first cell will usually be
modeled by ice crystals and the remaining cells will be modeled using
an effective percentage of oblate spheroidal and spherical raindrops.
The distributions associated with the rain cell and ice cell will be
presented separately; however, the assumption is made that both
particle density distributions are a function of ground rain rate. It
should be noted that the scattering model can include a mixture of rain
and ice in a given rain cell, but presently data are not available to
describe accurately this physical distribution of particles. The
r.
scattering model also will allow varying distributions along the propa-
gation path. However, based on existing physic&, data, each rain cell
i s assumed to have the same drop shape distribution, drop size distri-
45 -
bution, and drop orientation distribution. The drop density distribu-
tion is arbitrary for a given cell and is a function of rain rate.
3.6.1 Raindrop Shape Distribution
...d3
	
f=irst consider the distribution of 	 drop shapes. Jones [12] has
found that the following distribution of shapes occur in an average
rain for all radii greater than 0.9 mm:
Spherical	 32%
Oblate Spheroidal	 28%
Prolate Spheroidal	 18.5%
Irregular
	 21.5%
Since the scattering model is limited by the availability of single
particle scattering coefficients, the above distribution will be
modeled by an effective percentage of oblate and spherical raindrops.
About one-half of the prolate drops would be expected to be aligned
with their elliptical cross section facing the incident field and
therefore produce depolarization. On a satellite link, the elevation
angles are such that a fraction of the remaining prolate drops would
also depolarize the incident field. The prolate drop class may be
modeled by assuming the class is made up of 70% oblate drops and 30%
spherical drops. A large fraction of the irregular drop class would
also depolarize the incident field. If the irregular drop class
is modeled by 90% oblate drops and 10% spherical drops, the total
.	 effective percentage of oblate drops is 	 approximately 60%. Based on
4
t
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the above arguments and good cort^elation with measured data (see
Y
?	 Sec. 4.2) a rain cell is assumed to have 60% oblate spheroidal raindropsE
a	 and 40% spherical raindrops. This distribution is assumed not to be a
function of rain rate.
.s,	 3.6.2 Raindrop Size Distribution
'	 For a given rain rate there will be a distribution of drop sizes.
There are several drop size distributions published in the literature
[8]. [23]. [24], [25]. A modification of the Laws and Parsons distri-
bution will be used. The Laws and Parsons distribution as published is
somewhat inconvenient in that it has no explicit functional form.
F'	 However, real rains tend to deviate from any of the published distri-
butions and an approximate functional representation of the Laws and
Parsons distribution can be developed with little additional effect
on the results. A simple approximation is that of a triangle. In
Fig. 3.6-1, the Laws and Parsons distribution for a few rain rates is
shown together with the triangular approximation where
a ` am
s(a) -	 (1 - ^)	 am e a < 2am	(3.6-1)
0	 elsewhere
fraction of drops in radius interval a to a + da .
The symbol am
 represents the modal or most frequently occurring drop
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I Figure 3.6-1. Triangular approximation to the
Laws and Parsons size distribution.
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radius and a is the equivolumetric drop radius. Both radii are in
millimeters. The modal drop radius is a function of rain rate and is
expressed by the relation [11]
am =0.5-+0.45log 10 RR
	
(3.6-2)
where RR is rain rate in mm/hr. The distribution of drop sizes can be
represented by the relation
n(-a) - NV
 s(—a)	 (3.6-3)
number of drops per m 9 of space in the class a
to a+da.
The symbol NV represents the particle density or the total number of
drops per cubic meter of space. It can be shown (see Appendix 6.1.3)
that NV is a function of the modal drop size and thus is a function of
rain rate,
NV v 5.833 RR am -7/2
	
(3.6-4)
The calculation of the effective scattering coefficients (Eq.
3.2-13) include summations over the single drop scattering coefficients
weighted by the number of drops in the appropriate finite drop size
interval. Single drop scattering coefficients are available typically
at 0.25 mm drop radius increments up to 3.25 mm or 3.50 mm, depending
on the frequency. By using curve fitting routines, the scattering
coefficients can be determined at any point over the interval 0.25 to
3.50 mm. This permits the selection of any convenient drop size
E	
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interval. In general define
M i = number of drop size intervals over the range of drop
sizes encountered
di 
a the equivolumetric drop radius value in mm at the
midpoint of the i th drop size interval
as a drop radius interval in mm .
Choose Mi - 28 intervals, This provides a very fine division and the
corresponding drop radius interval is Aa = 0,125 mm. The midpoints of
these intervals are
ai = 4.0625 + 0.125 (1 - 1)	 l < i < 28	 (3.6-5)
The number of drops per knit volume of space in the i th drop size
interval is
ai + T
NV (Iii f	n(a) da	 (3.6-6)
Using Eqs. (3.6-1) and (3.6-3) in Eq. (3.6-6) yield
	
NV ^ a i	 0.25 a am
m
4
NV (ii =	 NV 2^ 0- am 	 am ai < lam	 (3.6-7)
am
4	 ai tam
t
A rough estimate of usable rain rates for this drop size distri-
l
IR
bution can be formulated. For a m
 less than 0.4 mm the lack of small
drop size contributions would become significant. From Eq. (3.6-2)
this modal drop radius corresponds to a rain rate of 0.60 mm/hr. For
high rain rates the large drop contributions become more important.
Drop radii out to tam
 are included in the triangular distribution.
Since scattering coefficients are not complete beyond 
—a =  3.25 mm,
'	 am = 3.25/2 = 1.625 mm. From Eq. (3.6-2) this corresponds to a rain
rate of 316 mm/hr. Thus, the above drop size distribution is reliable
for rain rates between 1 mm/hr and 300 mm/hr.
3.6.3 Raindrop Orientation Distribution
The drop orientation distribution is very important to the predic-
tion of cross-polarization. Although Brussaard [19] has shown that
wind gradients affect the orientation of falling raindrops, little is
known about the nature of the distribution itself. The work of
Saunders [26] indicates that the distribution is Gaussian; however,
researchers disagree on the range of the mean and the standard devia-
tion. Most have assumed an effective drop orientation and modeled the
distribution with a unit imp-Ise function. Although the unit impulse
assumption leads to simple fc;rmulations, it does not adequately
describe the true physical situation. Uzunoglu, Evans, and dolt [5],
using the distribution of Saunders, employ a stochastic method of
averaging the effects of a canting angle distribution; however, this
is not internal to the model and does not consider the effects of arbi-
trary orientation in the rain cell. Further experimental investiga-
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tion into the problem of canting angle distributions is needed;
s
however, until this is accomplished some sort of assumption must be
formulated. Experimental measurements of cross-polarization at three
frequencies over approximately the same propagation path (see Sec. 4.2)
indicate that there is good correlation between theory and measurement
with a Gaussian distribution whose mean ranges from -10 0 to 100 and
with a standard deviation of 121.
The drop orientation distribution within a finite slab can be
discretized in the same manner as the drop size distribution, Define
Mk = number of drop orientation intervals over the canting
angles encountered
0  = the canting angle in radians at the midpoint of the kth
orientation interval
^e w canting angle interval in radians
eu = mean canting angle in radians
v = standard deviation in radians .
Saunders indicates that canting angles ranging from -1000 to 1000 can
be found in an average rain. Over this range choose M k to be 20
intervals. Thus, oe is n/18 or 10 degrees. The midpoints of these
intervals are given by the following equation:
ek w -1.6581 + 0.1745 k radians
	
0 < k < 20) .	 (3.6-8)
F
F"
r
r.
I	 - 52 -
The number of drops per unit volume of space in the kth orientation
interval is	 _
NV(TO = V I e	 ' de
^,Z^^ e 1
where
t
e1 = {T - 21
AO4 2 - { 9 k + i^ 1
(3.6-9)
To evaluate the effective scattering coefficients of Eq. (3,2-13),
the joint distribution of drop size and drop orientation must be known.
Since the assumption has been made that the drop orientation is
independent of drop size, the joint distribution is simply the product
of the two distributions.
NV (Ti , 9 k ) - NV (a i ) NV (Wk ).	 (3.6-10)
3.6.4 Single Particle Scattering Coefficients and Elevation Angle
It was indicated in Sec. 3.1 that the single particle scattering
coefficients are a function of particle size, frequency and elevation
angle. Coefficients are available for many frequencies and sizes;
however, the selection of coefficients over the spectrum of elevation
angles is limited. Uzunoglu, Evans, and Holt [5] have s^o%r ;tha t a
simple trigonometric relation can be used to evaluate the scattering coef-
ficients for any arbitrary elevation angle. The relation is given below:
iF
-a.3-
fv(6) = fSPH sin
g s + fv (0°) cosz S
fh (6) = fsPH sine s + fh (0°) cos2 s	 (3.6-11)
P
fv(6) - fh (6) = {fv (00
) - fh (p°)l ros e s
where fv,h (0°) is the scattering coefficient evaluated for an elevation
angle of zero degrees. This approximation is accurate to within 1% for
elevation angles ranging from 0 0
 to 90 ° and provides a simple formula-
tion to evaluate scattering coefficients for a rang e
 of elevation
i
	 angles.
l
3.6.5 Ice Crystal Distribution
Ice effects on satellite communications links have drawn consider-
able attention since experimenters recently have observed cross-
polarization without a significant fade in the co-polarized signal [271,
[28], [29]. This so-called "anomalous" depolarization is attributed to
a collection of ice crystals at high altitudes. Although the effect
is not as severe, ice crystals also affect the isolation of a given
communica tions system when followed by a series of rain cells.
Haworth, McEwan, and Watson [30] have shown that the scattering
coefficients for ice particles can be derived using Rayleigh scattering
for frequencies up to 30 GHz. The derivation depends on the assumption
that the particle eccentricity is very close to one. This physically
models the ice particles as ice plates (oblate spheroidal) and ice
needles (prolate spheroidal) as shown in Fig. 3.6-2 (see Appendix
r
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Figure 3.6-2. Ice particle shapes.
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6.1.4), One disadvantage of this formulation is that it does not lend
itself to a distribution of particle orientation. The assumption is
made that all particles are equioriented at an effective canting angle.
It has been observed by radar that lightning [31] and wind shear [32]
align the particles in a given orientation. Since the ice cell is
relatively thin, the assumption of an effective canting angle is not
necessarily restrictive. The Haworth - McEwan - Watson formulation does
include a particle size distribution.
Using the Haworth - McEwan Watson formulation in Eq. (3.2-13)
along with the elevation angle formulation previously mentioned, the
effective scattering coefficients of a thin finite slab of ice particles
are given beloy::
S = j	 A£ (sine e(APRO f AOBL'} + cost e(APRO + AOBL' }1
xx	 - 2a	 v	 v	 h	 ^h
Sxy = Syx = _j
	
eY, ((AVRO + AOBL' }
 _ (Ah + AhBL'}} sin 
a cos e
Syy ' 
_3 
2a 
at {cost e(AVRO + AOBL') + sine a{AhRO A BL'}}	 (3. 6-1 2)
where
AOBL = sin2 B ASPH + cos 2 s AOBL
(3.6-i3)
AOBL = sin 2
 s A
SPH 
+ cos 2 B AOBL
and APRO, AOBL, 
A 
PRO , A
OBL and ASPH are complex constants independenth
of frequency and are given in Table 3.6-1 (see Appendix 6.1-4). Note
that the scattering coefficients describing the prolate particle are
independent of the elevation angle B. The symbol V represents the
- 56 -
Table 3.6-1. Ice scattering coefficients.
h
6... 4
k
L,.
AFRO = {6.812211 - j 0.0268421
AFRO = {3.268519 - j 0.006I791
AOBL = {6.812211 - j 0.0268421
AOBL = 12.150047 - j 0.002674}
ASPH = {3.95417 - j 0.0090441
y'
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total	 volume of ice in a cubic meter of air.	 In Eq.	 (3.6-12) the
assumption has been made that the ice slab has 50% ice needles and 50%
ice plates.
Haworth, McEwan, and Watson [30] use a value of V = 10- 6
 in their
predictions of anomalous depolarization. 	 However, when a ice cell
	 is
followed by a series of rain cells, the volume of ice should have some
_ dependence on ground rainfall. 	 The hypothesis is made that the volume
of ice per cubic meter of air in the freezing Ixxger of a stozm is equal
to the volume of rain per cubic meter or air near the ground.	 The total
r
volume of ice in a cubic meter of air is then a function of rain rate
i and is expressed by the relation
j	 V = (24.43 x 10- 9 ) RR	 (3.6-14)
m
One should note that there still can be ice particles present without
i
ground rainfall thus producing anomalous depolarization.
i
3.6.6 Antenna Effects
r'
The development of the scattering model thus far has not included
i the interaction of the wave exiting the rain medium with the receive
antenna. Even in clear weather conditions, a polarization mismatch is
T	
observed with non-ideal antennas. This polarization mismatch is
modeled easily and for low rain rates has significant effects in the
s prediction of attenuation, isolation, and phase shift.
The co-polarized (main) and the cross-polarized (orthogonal)
antenna polarization states can be described by a complex vector repre-
i-
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sentation. The symbol ea
 represents the respective antenna state and
is defined below:
ea = ex x + e  y	 (3.6-15)
where for the co-polarized state
;" =cos {YC0}
	
a	 (3.6-16)
ey°= 	 sin{Yco}e	 co
and for the cross-polarized state
*cross
ex	= cos{Y
 cross}
*cross = sin {Y 	}ei acrossy	 cross
The symbols Y and a define the polarization ellipses of the respective
antenna states as shown in Fig. 3.6-3.
The wave-antenna interaction can be modeled by the use of a
phasor voltage. Define a phasor voltage V(w, a) which describes the
interaction of a wave polarization state w and an antenna polarization
state as
V(w, a) = E 	 ea*
	
(3.6-17)
The wave state exiting the rain medium is found from Eq. (3.4-1) and
the antenna states from Eq. (3.6-15).
To evaluate attenuation, isolation, and phase referenced to the
antenna ports, the clear weather wave state must be known. The attenu-
Y
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Figure 3.6-3. Polarization ellipse.
- 60 -
ation of the co-polarized component is
	
V(w, a )	 (E. ;co*
	
A = 20 log10 V w	 co	 = 20 log70 
^wi	
aco* ^ dB	 (3.6-18)
	
' co	 Ew	 e
where E  is the clear weather wave and Ew ' is the wave exiting the rain
medium. The isolation between the two receive channels is
VW, a )	 IE ,	 eco*
	I = 20 1og10 VW aco	
= 20 log10 w	 a	 * dB . (3.6-19)
cross	 ^Ew' 	
ecross I
Also of interest is the phase difference between the phasor voltages of
the two receive polarization states co and cross. Define
0 = Cross phase - Co Phase
(3.6-20)
=/{ ->I ^,ecross* i
 - Litw
,
	eco* I radians
The terms attenuation, isolation, and phase appear frequently in the
remaining sections of this text and unless otherwise specified, the
definitions of Eqs. (3.6-18), (3.6-19), and (3.6-20) will be assumed.
3.6.7 A Synthetic Storm Algorithm
Rain is not usually uniform over the extent of a storm and for
increasing rain rates rain cells of higher rain rate tend to decrease
in size. However, most researchers assume uniform rains and account
for this phenomenon with an effective rain extent referred to in the
literature as effective path length. As rain rate increases, effective
path length decreases. The effective path length formulation is based
^r
f
L
Am =
	
A {RR(.t), f; dt
G
(3.6-21)
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on experimental measuremW s and theoretical predictions for uniform
rain conditions. The intention is to formulate an effective path
length based on statistical data that can be used for a variety of
locations to predict rain effects on millimeter wave propagation. There
is one major disadvantage to this approach: effective path lengths are
frequency dependent. Thus, experimental data is required for all
frequencies of interest and this is overly restrictive. The frequency
dependence of effective path length is investigated in this section and
afre..;,niency iYui,;rena'ont syntitatt:j storm	 that models nonuni-
form rain rates is presented.
The actual or measured attenuation on a given propagation path
with physical rain extent L can be expressed as
where A 1 (RR M , fl is attenuation per meter and is a function of rain
rate and frequency. Note that rain rate is also a function of length
z. Effective path length in km is defined as
A
Le	
A	 RR
 
(RR
	f) = 	In ^j	 (3.6-22)
AVG	 AVG'
where A
AVG 
(RR 
AVG' f) is a theoretically predicted attenuation per
kilometer assuming a uniform avarkVa rain rate. The average rain rate
i
i	
is based on rain rate m easurements taken over a long period of time.
The measured attenuation is also indirectly a function of average rain
rate. Measured attenuation and measured rain rate data are compared on
an equal probability of occurrence basis over a long time base (see
b
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Sec. 4 . 1). This removes the instantaneous time dependence of the
measurements, Note that if rain rate is not a function of length E,
= A ,(RR	 f) L and the effective path length would equal theA
mAVG AVG'	 '
WA 41 physical rain extent L.
To investigate the frequency dependence of effective path length,
F,	 I consider the ratio of two effective path lengths for twr frequencies f1
and f2.
L (RR	 , fl)	 R	 (RR	 f ) ! Al MR(t) , fl )de
e AVG 1 _ AVG AVG 2 0
4e 
(RR
AVG' 2	 AVG RAVG' 1 f Al MR(t), fI&0	 2
 (3.6-22)
P%
Ratio Rm
 is the ratio of measured attenuation for the two frequencies.
k	 Ratio R  is a theoretical prediction of the ratio of attenuation
(	 assuming uniform rin conditions. For effective path length to be
f.
independent of frequency, R  must equal R. inverse. The effective path
lengths for two frequencies (19.04 GHz and 28.56 GHz) are plotted a:. a
function of statistical ( average) rain rate in Fig. 3.6-4. Effective
path length data for these curves were calculated from three months
(duly, August and September, 1977) measured attenuation and rain rate
data. The data were collected at the VPI&SU earth station using the
COMSTAR D2 satellite. It is obvious from Fig. 3.6-4 that effective
i path length is frequency dependent. Other researchers have also
observed this frequency dependence (33]. This indicates that for
rl
	
	
higher rain rates a theoretical model should not assume uniform rain
conditions, but model the nonuniform rain with a synthetic storm
^4
zLM
t.^..t
a. Oz
s
4.131	 -^
rsi
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Figure 3.6-4. Effective path lengths for the
VP Y &SU COMST'AR 19 and 28 systems
based on measured data collected
during the months of July, August,
and September, 1977.
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f	 algorithm.
,
The scattering model, because of its ability to represent a piece-
wise homogeneous rain, can accomodate easily a synthetic storm
algorithm. The storm algorithm will model rain rate as a function of
position along the path and storm extent as a function of elevation
angle. Based on the data of Fig. 3.6-4, two physical assumptions will
be made:
1) the rain is uniform for low rain rates
2) as rain rate increases, the rain becomes nonuniform.
The first step in the development of a synthetic storm algorithm
is to obtain a functional relationship between effective storm extent
and elevation angle. Define effective storm height as
He = Le (10 mm/hr) sin a
	
(3.6-23)
l:
^f
where Le is the effective path length
mm/hr, and s is the elevation angle.
is nearly uniform,	 effective path
independent (Rp = RV) and equal to t'
result, Eq. (3.6-23) can be rewritten
calculated for a rain rate of 10
Since for low rain rates the rain
length at 10 mm/hr is frequency
ie physical rain extent L. As a
as
He = L sin 6 W	 (3.6-24)
or the physical rain extent is
L = H 
e/
	 s
	Earl	 (6 # 0)	 (3.6-26)
r
^A
i	
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Note that effective storm height approaches zero as elevation angle
approaches zero. The effective storm height formulation provides a
limit to the storm extent both in height and ground extent. Using the
data of various experimenters [17], [34], [35] at various locations,
elevation angles, and frequencies, the functional relationship between
elevation angle and effective storm extent can be obtained. Valid
statistical attenuation data are very limited over the spectrum of
frequencies and elevation angles; however, enough data are available to
provide a first order approximation for an effective storm model. The
i
available data at a rain rate of 10 mm/hr are used to calculate effec-
tive storm heights and these are tabulated in Table 3.6-2. Using the
data of Table 3.6-2, an effective storm model is presented in Fig.
3.6-5. From this figure given an elevation angle, the physical rain
extent L can be calculated where L is not a function of rain rate.
To model the nonuniform rain rate along the physical rain extent,
assume that the maximum rain rate occurs in the rain cell closest to
the receive antenna or cell M of Fig. 3.4-1. This is a valid assump-
tion over long perioas of time since it has been shown that statistical
rain rate is independent of the measurement location [35]. The rain
rates of all other rain cells will be a function of the Mth cell. This
j	 functional relationship is the storm algorithm.
To obtain the functional relationship, another comparison to
i	 measured attenuation data is necessary. However, for this comparison
only data for a single frequency and a single location are needed.
Figure 3.6-6 is a plot of measured attenuation data at 28.56 GNz as a
RF
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Table 3.6-2. Effective storm heights obtained from
measured attenuation and rain rate
statistics from various locations.
Data Point
_
f He Location.
1) 54° 30 GHz 5.4 km
y
University of Texas
2) 440 28 GHz 5.7 km VPI&SU
3) 440 19 UHz 5.6 km VPI&SU
4) 230 28 GHz 4.4 km Comsat Labs
5) 230 19 GHz 4.4 km Comsat Labs
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Figure 3.6 -5. Effective storm model based
on data from Table 3.6-2.
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Figure 3.6-6. Measured 28 GH: attenuation
compared to the theoretical
prediction of the scattering
model using the synthetic
storm algorithm. (28.56 GHz)
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function of statistical rain rate. The data were taken over a three
month period (July, August and September, 1977) at the VPI&SU earn?
station. To remove the instantaneous time dependence, the curve is
plotted using equal probabill-Qv techniques. Fcr an elevation angle of
440 , using Fig. 3.6-2 along with Eq. (3.6-26) the rain extent L is
8.2 km.
Assume that the rain extent can be modeled by ten rain cells as
shown in Fig. 3.6-7. The rain rate of cells nine and ten equals the
statistical rain rate of Fig. 3.6-6. Rain cells one through eight are
equal and are related to cell ten by the following relation:
RR xi
RR i = { tp } RR10 mm/hr (3.6-26)
This relation models the nonuniform rain rate over the rain extent.
The value of x i can be obaained by trial and error until the attenua-
tion corresponding 4o a rain rate of 40 mm/hr is predicted by the
scattering model. The value of 
x9,10 
by definition is zero. The
value of 
x14 
is found to be
x18 = -.66 .
	 (3.6-27)
Although the value of x 1 , 8 was obtained from one set of attenuation
^dta, it models the nonuniformity of a rain medium as rain rate
increases and is completely general for a variety of frequencies,
elevation angles, and locations.
The theoretical prediction for 28 GHz attenuation over the entire
spectrum of rain rate is shorn in Fig. 3.6-6. Other comparisons to
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Figure 3.6-7. Synthetic storm algorithm,
rain rate versus physical
rain extent.
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measured data using the above formulation are presented in Chapter IV.
Given an elevation angle, the synthetic storm algorithm models non-
uniform rain rates and effective storm extent and reliably predicts
rain effects on communications links regardless of site location.
3.6.8 Rain Propagation Prediction Program
The Rain Propagation Prediction program (RPP) uses the scattering
model and the synthetic storm algorithm of the previous section to
predict attenuation, isolation, and phase as a function of rain rate.
The input format allows changes in system parameters so that the
effects of rain on millimeter wave propagation as a function of
frequency, location and elevation angle can be predicted. The program
is written in FORTRAN and its operational format is explained in
Appendix 6.2. The program listing is found in Appendix 6.2.3. The
RPP program is computationally efficient and it accurately predicts
measured experimental data.
s
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CHAPTER IV
EXPERIMENTAL VERIFICATION
In this chapter the theoretical predictions of the scattering
model are compared to measured data obtained from three different site
locations: (1) VPI&SU, Blacksburg, Virginia; (2) Comsat Labs,
Clarksburg, Mary"and; and (3) University of Texas, Austin, Texas. The
data obtained from these sites cover the existing frequency range of
interest for millimeter wave communications links (11 to 30 GHz) and
provide a good comparison of theoretical predictions to measured data
for a variety of system parameters. Before the data comparison is
made a system description of the VPI&SU experiment is presented with an
emphasis on general data reduction techniques. Then measured attenua-
tion, isolation, and phase data for three frequencies (11.7 GHz, 19.04
GHz, and 28.56 GHz) collected by the VPI&SU experiment are compared
with theory. The scattering model predict i ons are then compared to
attenuation data measured by Comsat Labs and the University of Texas to
demonstrate the flexibility of the synthetic storm algorithm. The
chapter concludes with an investigation of frequency scaling techniques
j	 and the frequency dependence of attenuation and isolation.
4.1 The UPI&SU Experiment
4.1.1 General System Description
The Virginia Polytechnic: Institute and State University (VPI&SU)
1	 millimeter wave propagation experiment is sponsored by NASA with
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important additive support from the Defense Communications Agency and
the U.S. Army Research Office. The experiment monitors continuous
transmissions from the Communications Technology Satellite (CTS) at
11.7 GHz and the COMSTAR D2 satellite at 19.04 GHz-and 28.56 GHz. The
VPI&SU experiment is designed to measure attenuation, isolation, and
phase shift and correlate these quantities with rain rate and other
weather data. The experiment has been described in considerable detail
in previous publications [36], [37], [17] and will be reviewed here
only briefly with an emphasis on data reduction techniques.
A block diagram of the VPI&SU system is presented in Fig. 4.1-1.
The experiment is controlled by a PDP-11/10 mini computer which monitors
the experiment through a digital controller and analog to digital
converter interface. The three different frequency systems are moni-
tored simultaneously ant' the PDP 11/10 stores receiver data along with
weather and time reference data on a storage disk for later transfer to
an ISM/370 for data reduction. The CTS (11.7 GHz) satellite transmits
a right hand circularly polarized wave and the CTS ground antenna
receives both the co-polarized and cross-polarized signals. The
COMSTAR receive antennas are both dual-linearly polarized. The
COMSTAR satellite transmits vertical polarization at 28.56 GHz; however,
the COMSTAR 19.04 GHz beacon switches between vertical and horizontal
F	 polarization at a I KHz rate. This feature was incorporated into the
propagation exroriment to provide information on the differential
3
attenuation and differential phase properties of the rain medium. As
a result of this switching polarization, there are four
i
E
j
4
L"
1,.
L9.1
n.
L
f
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Figure 4.1-1. VPI&SU system block diagram.
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receive channels (Vertical Co, Vertical Cross, Horizontal Co, and
Horizontal Cross) for the 19 GHz system. The 19 GHz IF signal
processor has a deswitching control unit that provides a switching
signal to monitor the various polarization states. The 28 GHz system
^-^	 is also a dual-polarized system and monitors the co-polarized and
 cross-polarized signals. From these eight channels, attenuation, iso-
lation, and phase data are ­acorded for the different frequencies and
polarizations. The dynamic nge of each system and other system
parameters are tabulated in TE.:;le 4.1-1. The polarization parameters
describing the polarization ellipses of the inzoming waves and antenna
states are tabulated in Sable 4.1-2.
4.1.2 Preliminary Data Processing
As indicated in the previous section, on-line data acquisition is
controlled by the PDP 11/10 rr ni computer. Each data channel has an
identifying number that i.> u_^	 throughout the
The PDP 11/10 also monitors vcr,)us status ind
the validity of the data and whether it should
11/10 storage disk. Data are stored only trhen
indicate valid data and when the specific data
data reduction process.
ica ­ ors 'hat indicate
be st=	 on the PDP
the stG:.us indicators
input has changed by
a predetermined amount. Data are stored with a time flag and other
i&ntifiers for later off-line processing.
During periods of low experimental activity, accumulated experi-
mental data can be transferred to the main IBM 370 computer for sub-
sequent data reduction. Before each data transfer all data are
i
'	 r
Table 4.1-1. VPI&SU system parameters.
System Parameter
CTS
(11.7 GHz)
COMSTAR
(19.04 GHz)
COMSTAR
(28.56 GHz)
Antenna
Reflector size: 12` 4' 4'
Gain: 50.9 dBi 44.7 dBi 44.7 dBi
Polarization: RHCP, LHCP LV, LH LV, LH
Look angle
Azimuth: 2400 2130 2130
Elevation: 330 440 440
RF Front Ends
Co {Gain/Noise Tempi: 41.5 dB/962° K 34.8 dB/1540° K 37.5 dB/1716° K
Cross {Gain/Moise Temp): 79 dB/184° K 32.8 dB/1450° K 34.5 dB/1716° K
IF Signal Processors
Dynamic Range {Co/Cross} 39 dB/39 dB 30 dB/30 dB 39 dB/39 dB
Clear Weather Input Power: -78 dBm1-75 dBm -90 dBm/-125 dBm -86 dBm/-121 dBm
{Co/Cross}
Clear Weather Isolation: 37 dB 35 dB 35 dB
V
G1
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Table 4.1-2. VPI&SU polarization parameters.
Polarization Parameters CTS(11.7
	 GHz)
COMSTAR
(19.04 GHz)
COMSTAR
(19.04 GHz)
COMSTAR
(28.56 GHz)
Co-Polarized Wave
E: -44.34° 0.820 0.820 1.02°
z: 00 52.50 142.50 52.5°
Co-Polarized Antenna
E: -43.68 00 00 00
T* 00 52.50 142.5° 52.50
Cross-Polarized Antenna
e: 43.68 00 00 00
T* 900 142.50 52.50 142.50
Note: See Fig. 3.6-3 for definition of E and T.
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checked for time sequence and any required calibration is performed at
4	 this time. The data are transferred from the PDP-11/10 storage disk to
I	 magnetic tape and then read by the IBM 370 onto a system data base
tape. The data base tape is a complete time history record of the
VPIL42SU experiment. A data exception tape is stored also in the IBM 374,
}	 This tape records tune markers of any system failure that cannot be
determined by the status indicators such as a complete power failure
and any other special cases in which erroneous data may have been
stored. For a particular data reduction time interval, these two
tapes are merged to form a process file. This process file can be
accessed through an IBM time sharing system that allows efficient data
reduction over the specified time interval. An inter-active graphics
system is also available to aid the data reduction process.
4.1.3 Data Reduction
The data reduction software [38] is capable of processing data in
a wide range of data reduction formats. A few of these formats will be
illustrated in this section. Figures 4.1-2a through 4.1-2e illustrate
rain rate and signal behavior during a storm observed on August 9,
1977. These figures are time history plots and illustrate the instan-
taneous time dependence of signal level and rain rate. Bate that the
rain began to fall after significant fad i ng had occurr,J at all three
frequencies. The storm, was severe enoush X125 mm/hr} to cause the
19 GHz and 28 GHz systems to lose phase lock. dote that the peak fades
occurred approximately at the same time and the severity of the fades
.^ s
r
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Figure 4.1-2a. Ground rainfall rate on August 9, 1977.
(The rain gauge is located beside the
receiving antennas.)
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Figure 4.1-2b. CTS 11.7 GHz co-polarized signal
behavior on August 9, 1977.
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Figure 4.1-2c. 19 GHz vertical co-polarized signal
behavior on August 9, 1977.
(Measured fade 32 d8)
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Figure 4.1-2d. COMSTAR 28 GHz co-polarized signal
behavior on August 9, 1977.
(Measured fade 32 dB)
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Figure 4.1-2e. 11.7 GHz cross-polarized signal
behavior on August 9, 1977.
0
Figure 4.1-2. VPBSU system time history plots.
k_
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increased with fregv 'y.
Figures 4.1-3a ana 4.1-3b are scatter plots which provide an
insight into the instantaneous interdependence of attenuation and
isolation at different frequencies. Figure 4.1-3a is a plot of isola-
tion verses attenuation at 11.7 GHz for the storm of August 9, 1977.
Figure 4.1-3b is a compe.rison of attenuation of the 19 GHz vertical and
the 28 GHz COMSTAR channels during the storm of August 9, 1977. The
attenuation ratio for these two frequencies is approximately 2 to ^.
Attenuation ratios will be discussed in more detail in Sec. 4.4.
The data reduction process used in Figures 4.1-2 and 4.1-3 did not
include any statistical techniques. However, for the prediction of
rain effects on millimeter wave signals the removal of the instantane-
ous time dependence from measured data is necessary. This is accom-
plished by using the VP BSU reduction software coupled with a statis-
tical analysis system called SAS [391. System engineers designing
communications links operating in the millimeter wave band are inter-
ested in the percent of time that attenuation, isolation, and rain rate
will equal or exceed a given value. Such "exceedence" plots are
presented in Fig. 4.1-4 and 4.1-5. Figure 4.1-4 is a plot of the
attenuation statistics for July, August, and September, 1977. Figure
4.1-5 is a plot of the rain rate statistics over the same time base.
The theoretical prediction of the Rice-Holmberg rain rate model [443 is
also plotted in Fig. 4.1-5 any: agrees rather well with the measured
data. The Rice-Holmberg model will be discussed in more detail in
Sec. 4.2.`
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Figure 4.1-3a. 11.7 GHz isolation versus attenuation
for the storm of August 9,.1977.
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Figure 4.1-3b. A comparison of attenuation on the
19 GHz vertical and the 28 GHz COMSTAR
channels during the storm of August 9,
1977.
Figure 4.1-3. VPI&SU system scatter plots.
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Figure 4.1-4. Measurad attenuation statistics for
July, August, and September, 1977.
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In Fig. 3.6-6 a plot of attenuation versus rain rate was presented
using equal probability techniques. This plot was obtained by compar-
ing attenuation data and rain rate data of Figs. 4.1-4 end 4.1-5 for a
given percent of time. This process removes the instantaneous time
dependence as seen in Fig. 4.1-2 and represents the data on an equal
probability of occurrence basis. Figure 3.6-6 is duplicated in Fig.
4.1-6 for comparison to Figs. 4.1-4 and 4.1-5.
4.2 Comparison of Theory with Measured Data from the UPI&SU Experiment
This section demonstrates the ability of the scattering model
to predict the effects of rain on a dual-polarized satellite communi-
cations link. Theoretical predictions of the scattering model will be
compared to measured attenuation, isolation, and phase data
collected by the VPI&SU earth station during the months of July,
August, and September, 1977. Experimental results are presented
using graphs which also contain theoretical predictions of the rain
propagation prediction program (RPP). These graphs make the compari-
son between theory and experiment evident at a glance. The frequency
range of the UPI&SU data and the polarization diversity of the VPI&SU
experiment provide an excellent opportunity to test the scattering
model with a variety of system parameters.
Before theoretical predictions can be formulated for the three
systems of the VPI&SU earth station, the input parameters for the RPP
program must be determined. The only input parameters needed are the
operating frequency, the elevation angle, the effective physical rail
I	 ^^
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Figure 4.1-6. Measured 28 GHa attenuation
versus rain rate. (plotted
using equal probability of
occurrence techniques.)
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,
al extent, and the system polarization parameters.	 The polarization Para-
meters and the elevation angles for the three systems are given in
r-
Tables 4.1-2 and 4.1-1, respectively.	 Knowing the system elevation
((, angle, the physical rain extent L can be determined using Fig. 3.5-5 and
1!
Eq. (3.6.25).	 The effective rain extents for the CTS and COMSTAR
systems are 10 Li and 8.2 km, respectively. 	 The RPP program is
currently limited to the discrete frequency values of 11.0, 14.0, 20.0,
and 30.0 GHz.
	
In the following figures the frequencies given are those
of the measwrement frequency and the particular frequency used in the
associated theoretical prediction is the closest available value.
4.2.1	 Attenuation
Engineers designing satellite communications links are raced with
the problem of determining rain fade margins to provide a reliable
communications link during periods of inclement weather. 	 As the opera-
ting frequency increases, rain fading becomes more severe. 	 As a
result, fade margins have to increase or ground station site diversity
be	 Either	 is	 Datamust	 employed.	 of these solutions	 expensive.	 are
being collected to help determine the best solution to rain fade
rr blems • howeve , for satellite links this collection of data	 sp a	 	 k 	 	 i	 also
expensive.	 For this reason, the development of a reliable theoretical
model is necessary.	 The purpose of this section is to demonstrate the
4
the
	 in	 theeffectiveness of	 scattering model	 predicting	 attenuation
} experienced on a satellite communications link for a given frequency
1 and ground rain rate.
UP	 - 89 -
The relationship between attenuation and ground rain rate as
measared by one tipping bucket rain gauge near the VPI&SU antennas is
illustrated in Fig. 4.2-1.	 Measured data are presented using equal
probability data reduction techniques.
	 The theoretical predictions are
those of the RPPro ram where the nonuniform rain rates 	 resent an aP	 g	 P
satellite link have been modeled using the synthetic storm aZgorzthm
presented in Sec. 3.6.	 As can be seen, the agreement between theory
and experiment is very good over the entire rain rate spectrum for all
three frequencies.	 The severe fading at the higher frequencies (19.04
and 28.56 6Flz) indicate that site diversity may be the only solution
	 y	
for communications links operating at these frequencies and requiring
a high degree of reliability.
Simple equations relating attenuation to rain rate can be written
in the Form
A = a RRb
 dB	 (4.2-1)
where A is attenuation in dB and RR is rain rate in mn/hr. Using power
curve regression techniques on both the measured and theoretical data
presented in Fig. 4.2-1, the constants a and b of Eq. (4.2-1) can be
determined and are given in Table 4.2-1. These values include the
effects of the synthetic storm algorithm and are valid for rain rates
up to 60 m/hr.
Ground station site selection is aided by the knowledge of the
percent of time that a given value of attenuation will he exceeded
during a particular time interval. Thus, the percent of time that the
- 90 -
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Theory (RPP) Measured(WIM)
a b2 a b	 _.
11 GHZ 0°9646 0.6158 1.00 1,9446 0,5145. 0.99
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Table 4.2-1. Per curare fits to	 j
attenuation versus rain rate.
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link performance is degraded beyond acceptable system specifications
l
	
	
can be determined. lasing the scattering model coupled with the Rice-
Holmberg rain rate model [40], attenuation statistics can be predicted
i
that agree rather well with the measured attenuation statistics of the
VPI&SU earth station. The Rice-Holmberg rain rate model is an empiri-
cal fit to a very large data base of measured rain rate data. The
model predicts the percent of time that a given rain rate was exceaded
{	 based on the total rain accumulation over the time period in question.
The Rice-Holmberg equation is given below:
%T(RR) = ARH{0.036RH e-0.03RR + 0.2(1 - aRH ){ e-0.258RR + 1.86 e-1.63RR}}
(4.2-2)
where ARH is the total rain accwnu Ltion in mm times 100 divided by the
number of hours in the accumulation period, 0 R is the ratio of accumu-
lation of "thunder storm rain" to the total accumulation of rain, and
RR is rain rate in mm/hr. The total accumulation of rain measured by
the VPI&SU earth station was 153 mm for the months of July, August, and
September, 1977 (2208 hours). As a result,
ARH = 6.93	 mm/hr	 (4.2-3)
Since the time period in question is the thunder storm season,
6RH ^ 0.6 .	 (4.2-4)
0	
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tics in Fig, 4,2-2. The United States Weather Service observer
(located within 8 tun of the VPI&SU rain gauge) measured an accumulation
of 418 mm for the same time period. This indicates that over short
statistical time periods (less than a year), the local terrain may bias
the observed statistics, particularly in mountainous regions. INOWe0r,
over long statistical time periods the design engineer should be able to
use rain accumulation data from the: USWS and predict rain rate and
attenuation statistics for a given location [41].
Attenuation statistics for the months of July,, August, and
September, 1977 can be predicted using the theoretical power curve
regressions in Table 4.2-1 and the Rice-Holmberg rain rate equation.
Given a value of attenuation, the associated value of rain rate can be
determined using the inverse of Eq. (4.2-1) given below:
InT
RR - e	 mm/hr	 (4.2-8)
Using Eq. (4.2-5) in Eq. (4.2-2), the percent of time that a givers
value of attenuation is exceeded can be determined. 	 Figure 4.2-3
compares the theoretical attenuation exceedence plots to thosa'm	 Sur.,
at the VPT&SU earth station. - As can be seen for rain rates abev.	3€i
mm/hr (,l%), experiment and theory agree rather wel:1: for all thrge
frequencies.
4.2.2 Isolation
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Figure 4 .2-2. Measured rain rate statistics for
July, August, and September, 1977
compared to the Rice and Holmberg
rain rate model.
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have been suggested [1] to increase channel capacity without signifi-
cantly increasing the system cost. However, for operating frequencies
above 10 GHz the isolation between the dual-polarized channels is
affected significantly by rain. In this section theoretical predictions
of isolation as related to attenuation are compared to measured data
taken by the VPI&SU earth station during the month of August, 1977.
Theoretical predictions of isolation statistics for the months of
July, August, and September, 7977 are also presented along with the
effects of ice on the isolation of a dual-polarized communications link.
In the previous section measured data were presented using equal
probability data reduction techniques. However, multiple frequency
isolation statistics are not presently available because of data
reduction difficulties. Since hard rains often cause the COMSTAR 19
and 28 systems to lose phase lock, uncertainties have developed in how
best to handle these periods when computing isolation statistics. This
problem was overcome in the evaluation of attenuation statistics by
frequency scaling from lower frequencies where the receiver remained
phase locked. However, as of this writing no standard format has been
decided upon to scale isolation. Frequency scaling is discussed in
more detail in Sec. 4.4. Measured isolation data presented in this
section were reduced using instantaneous data reduction techniques.
For a given value of attenuation, all of the corresponding values of
isolation are averaged and a standard deviation computed. For a given
value of attenuation, the scatter in the associated isolation values
is significant and can be explained by examining the physical scatter-
-97-
ing properties of the rain medium.
The scatter in measured isolation data can be accounted for by
three physical properties of the rain medium:	 1)	 the oscillation of
the mean canting angle with wind gusts [42], z!	 the presence or the
~ absence of a freezing layer, and 3)	 the movement of inhomogeneous rain
cells along the propagation path. 	 The assumption is made that wind
gusts can cause th.^ mean canting angle to range between -10° and ?Q°.
However, for a prevailing wind direction, the mean canting angle is
:l
predominately negative or positive 142]. 	 Attenuation is relatively
insensitive to changing canting angle; however, isolation can vary un
to 3 or 4 dB depending on the canting angle and rain intensity.
	 The
presence of an ice layer during a rain storm has no significant effect
on signal attenuation; however, channel isolation degrades with an
'increase in ice particle concentration.
	
The effects of canting angle
oscillation and the presence of an ice layer on the isolation of a
	
-3
dual-polarized romrmunications link can be predicted by the scattering
model.	 Figures 4.2-4, 4.2-5, and 4.2-6 compare the predictions of the
RPP program to measured isolation and attenuation data during the month
of August, 1977.	 In each of the fore -mentioned figures there are four
	 }
theoretical curves a, b, c, and d with the following mean canting angle
t_!
and ice content:
a:	 eu =	 100
	no ice
b:	 6	 = -100
	,	 no ice
u
^t C:	 B	 =	 10'	 ,	 ice layer present
d:	 eu = -100
	ice layer present
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Figure 4.2-4. Isolation versus attenuation
for the VPI&SU CTS system for
August, 1977. (11.7 GHz )
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Figure 4.2-5. Isolation versus attenuation
for the VPI&SU GOMSTAR 19 system
for August, 1977. 	 (19.04 GHz)
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t the VFI&SU COMSTAR 28 system for
August, 1977.	 (28.56 GHz)
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The ice layer is assumed to be 1 km thick and since the ice layer does
not affect signal attenuation significantly, the effective physical
ruin extent L remains the same. Theory and experiment agree rather
well for all three frequencies. However, close examination of the
three figures indicates that the scatter in isolation increases with
frequency. This is not completely accounted for by the oscillation of
the canting angles or the presence of an ice layer. Because the data
presented in the three figures are well within the system dynamic
range, the scatter should not be a result of receiver error. One
possible explanation is the movement of inhomogeneous rain cells along
F
	
the propagation path. As indicated in Sec. 3.5, isolation may be non-
reciprocal under inhomogeneous rain conditions and the magnitude of
this nonreciprocity increases with frequency. So for a given value of
attenuation (attenuation is reciprocal), there could be a range of
varying isolation values depending on the inhomogeneous rair conditions.
F	 Mean isolation can be calculated from attenuation through equa-
tions of the form
Im = U+V In (A) dB
	
(4.2-6)
where I 	 is the mean isolation and A is attenuation in dB.	 If reliable
values of U and V can be determined for arbitrary earth station
locations, then Eq.	 (4.2-6) could be used to calculate isolation
statistics from existing attenuation statistics.	 This would enable
communications engineers to predict the performance that would be
available if an existing single-polarized link were replaced by a
E
dual-polarized link. The theoretical prediction assuming no ice and a
canting angle of -100 appears to best describe mean isolation as a
function of attenuation for all three frequencies. With this assump-
tion and using logarithmic curve regression techniques, the constants
ll and V of Eq. (4.2-6) can be determined for the mean isolation data
presented in Figs. 4.2-4, 4.2-5, and 4.2-6 and are given in Table 4:12-2.
The logarithmic curve fits for this case for all three frequencies
(11.0 1, 20.0, and 30 . 0 GHz) are presented in Fig. 4.2-7 to illustrete'the
frequency dependence of isolation and attenuation. For a given value of
attenuation, channel isolation improves with frequency. It should be
noted that the 11 GHz system is circularly polarized and as a result
isolation is slightly worse than if the system were linearly polarized.
Isolation statistics can also be predicted without a prior know-
ledge of attenuation statistics. Using the scattering model coupled
with the Rice-Holmberg equation, isolation statistics can be predicted
for arbitrary site locations based on total rain accumulation. Mean
isolation can be calculated from ground rain rate through equations
of the form
Im = T + W I n (RR) S	 (4.2-7)
where I
M is the mean isolation in dB and RR is rain rate in mm/hr.
The constants T and W again can be determined using logarithmic curve
fitting techniques and are given in Table 4.2-3. For the theore 'iitil'.
assumptions of Fig. 4 . 2.7 (no ice, e^ w -100 ), given.a value- of U0164
Lion the associated value of rain rate can be determined using the	 ...:
E
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Table 4.2-2. Logarithmic curve fits to mean isolation
versus attenuation for August, 1977. (For
theory, A < 40 dB; for measured CTS and
COMSTAR 19, A < 15 dB; and for measured
COMSTAR 28, A < 30 dB)
ev - 10°
Theory	 RAP	 No Ice
Measured (VPI&SU)
Frequency F	 U V r2 U V r2
11 GHz 42.2507 -9.4005 1.00 44.74 -9.8 0.76
19 GHz 40.1418 -7.6020 1.00 46.56 -10.63 0.7087
28 GHz 42.6301 1 -7.0897 0 39.38 -6.67 0.2469*
* r2 is low because of the scatter in the data.
r
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Table 4.2-3. Logarithmic curve fits to theoretical
isolation versus rain rate data. (Rain
rate < 60 mm/hr, e0 = -100 , no ice)
Frequency T W r2
11 GHz 42.7801 -5.8524 1.00
20 GHz 32.7645 -J..2008 0.99
30 GHz 29.0694 -3.1824 0.98
DMINAC MA I,
CA
I.!
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inverse of Eq. (4.2-7) given below:
RR = expt(l
to
 - T)/W)	 mm/hr .
	
(4.2-8)
Using Eq.	 (4.2-8) in Eq.	 (4.2-2), the percent of time that isolation is
less than a given value can be determined. 	 Theoretical isolation
statistics are presented in Rig. 4.2-8 without validation by experiment
for all three frequencies.	 Isolation statistics are affected by pare-'
t meters other than rain such as tracking error and antenna polarization
sensitivity.	 Figure 4.2-8 only accounts for rainfall degradation.
A decrease in channel isolation also can be observed without an
associated rain event.	 This phenomenon is due to ice crystals which
can depolarize incident fields without significantly affecting the co-
polarized signal.	 Assuming that a 1 km freezing layer can exist
P Jg
without ground rainfall, Fig. 4.2-9 illustrates the effect this
' freezing	 r would	 v	 n	 h	 VP & U	 h station for various	  lays	 w 	 ha e o
	
t e
	 I S	 eart	 	 var o 
particle canting angles.
	
Although these effects have not been observed
by the VP£&SU facility, ice depolarization has been observed in other
climatic zones [29].	 The theoretical data in Fig. 4.2-9 is presented i
to illustrate the ice depolarization phenomenon and to demonstrate
the flexibility of the RPP program. 	 Note that the isolation of the
circularly polarized 11 GHz system is relatively constant over the ice
crystal canting angle range.
4.2.3	 Phase
I
To improve the channel isolation of a dual-polarized communica-
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Figure 4.2-8. Theoretical prediction of the
isolation statistics for the
VPI&SU system. (July, August,
and September, 1977)
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tions link during precipitation events, static or adaptive cancellation
systems are being considered. These systems adaptively change the
polarization state of the receive antenna to improve system isolation.
To design adaptive cancellation systems, a prior knowledge of the rela-
tive phase of the dual-polarized channels is often helpful. For
convenience the term "phase", represented by the symbol 0, is defined
as the cross-polarized channel phase minus the co-polarized channel
phase. By controlling the relative phase D between the two channels
and the differential channel attenuation, system isolation can be
^- improved.	 This section illustrates the sensitivity of phase changes to
changes in antenna polarization parameters and the ability of the
scattering model to predict these changes as system isolation degrades
with an increase in ground rain rate.
Theoretical phase data versus isolation data are compared to
measured data in Figs. 4.2-10 and 4.2-12. 	 The theoretical predictions
assume that an ice layer is not present alcag the propagation path and
that the mean canting angle (au ) ranges Between -10° and 10 1
 as a
result of wind gusts. 	 Since adaptive cancellation systems correct
for relatively fast changes in phase, measured data are presented on
an instantaneous time basis for a particular rain storm. 	 This elimi-
nates slow phase variations over longer periods of time and more
accurately describes the requirements of an isolation enhancement
system.
r
Figure 4.2-10 represents a typical response of the CTS (11.7 GHz)
system during the storm of August 9, 1977. Note that the . scatter in
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+ Measured Data
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Figure 4.2-10. CTS isolation versus
phase for the storm
of August 9, 19770
(CTS is circularly polarized)
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isolation and phase supports the assumption of a 20° range in canting
angle. The boxed-in area of Fig. 4.2-10 represents the system behavior
before the actual rain event. This enhancement of isolation before the
onset of a storm is seen often and is attributed to the special
characteristics of the system polarizaticn parameters. The circular
polarization of the CTS system also accounts for the relatively large
phase scatter for a given value of isolation. For circular polariza-
tion, Overstreet 43] has shown that phase scatter is usually twice
that of the mean canting angle range and this is verified in Fig.
4.2-10.
Phase changes during precipitation events for a dual circularly
polarized communications system are very sensitive to changes in
antenna polarization parameters. If the satellite and ground station
antenna polarization parameters are changed alightZy from those found
in Table 4.1-2 (the new epsilon's and tau's are given in Table 4.2-4),
the phase retardation of Fig. 4.2-10 can change direction and advance
as seen in Fig. 4 . 2-11. Note that for high values of isolation or for
low rain rates, the phase has changed by c significant amount (610)
relative to Fig. 4.2-10; however, for higher rain rates the change is
relatively minor ( 70 ). For high rain rates, changes in the polariza-
tion parameters of the spacecraft antenna are masked because of the
large cross-polarized component generated by the rain. Changes in the
ground station antenna are then minor for small polarization parameter
deviations. However, for low rain rates the interaction of the space-
craft and ground station antennas becomes significant. The co-polar-
-
t^
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Table 4.2-4. Epsilon's and Tau's used in Fig. 4.2-11.
(Clear weather isolation is 38 d6}
Polarization Parameters CTS
F,w : -43.35
Tw : 0°
eco:
-44.01
Tco:
0°
Ecross:
-44.11
T cross '
900
ORIGINAL. PAGE M
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Figure 4.2-11. Theoretical prediction
of isolation versus phase
for the polarization
parameters of Table 4.2-4.
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ized phase is relatively insensitive to changes in the antenna polariza-
tion parameters; however, for low rain rates the cross-polarized phase
is	 to	 deviations.
	
During lowvery sensitive	 polarization parameter
rain rate conditions, the cross-polarized component generated by the
satellite is ap proximately equivalent to the cross-polarized componentpp	 Y	 q	 p	 p
generated by the rain.
	 Thus, the phase of the resultant wave is very
sensitive to the cross-polarized phase of the wave transmitted by the
satellite.
	 Because phase W is insensitive to antenna polarization
changes during high rain rate conditions, phase for a circularly
polarized system can advance or retard depending on the antenna palari-
nation parameters and the associated effect on the cross-polarized
phase for low rain rates.
f
Although the same arguments apply for a dual linearly polarized c
`^
communications system as for the circularly polarized antenna system,
the uniqueness of the polarization parameters for a linear system
^	 _
reduce the dependence of phase on polarization parameter deviations.
z
Also, the associated phase scatter of a linearly polarized system is
t! significantly reduced as seen in Fig. 4.2-12.	 This figure represents
a typical response of the COMSTAR 28 	 28.55 GHz	 system duringYp	 p	 {	 )	 Y	 9 a storm
on August 30, 1977. 	 From the data presented in this section, a
^:	 f linearly	 y	 circul arly polarixed s stem is recommended over a circ,^ t  polarized
system when an adaptive polarization system is being considered [43].
^	 rf
Y 4.3
	
Comparison of Theory to Measured Data from Other Experiments
A
z
In the previous section the theoretical predictions of the
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Figure 4.2-12. COMSTAR 28 isolation versus
phase for the storm of
August 30, 1977. (COMSTAR
28 is linearly polarized)
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scattering model were compared to measured data from the VPI&SU earth
station for a variety of system parameters.
	
Excellent correlation
betweenn measurement and theory was seen. 	 However, the true test of a
theoretical propagation model is the ability to predict th& effects of
rain on dual-polarized communications links for different frequencies,
1
elevation angles, and lacatima.
	 Using the first order approximation
of the synthetic storm model (Fig. 3.6-5) and the respective system
parameters of the Comsat Labs COMSTAR experiment and the University of
Texas ATS-6 experiment, theoretical attenuation predictions of the
scattering model are presented in this section that agree rather well
with published measured data from those experiments.
Since attenuation is relatively insensitive to changes in polari-
zation parameters and the exact polarization parameters for the
experiments of Comsat Labs and the University of Texas are net known
by the authors, the polarization parameters of the VPI&SU COMSTAR
system will be assumed in the theoretical predictions of this section.
Comsat Labs monitors continuous transmissions from the COMSTAR 01
230 .satellite at an elevation angle of 	 As a result, using Fig. 3.6-5
and Eq. (3.6-25) the effective rain extent is 11.2 km for the 19.04 GHz
and 28.56 GHz COMSTAR Al beacons.
	 Putting this data into the RPP
program yields *he theoretical attenuation predictions in Fig. 4.3-1
for the 19 GHz and 28 GHz systems of Comsat Labs.	 The associated
measured data were taken from published rain rate and attenuation
statistics for July, 1976 through January, 1977 [34]. As can be seen,
	 .'
9
the agreement between theory and measurement is very goad. Since no
jt
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Figurs 4.3-1. Attenuation versus rain rate, theoretical
predictions of the scattering model
compared to measured data of Comsat Labs.
(19.04, 28.56 GHz )
f	 '
isolation data are available, no theoretical predictions are presented.
The University of Texas monitored transmissions from the ATS-6
satellite on a time-available basis from July, 1974, to May, 1975.
Measured attenuation data from the NASA Technical Note [351 along with
the theoretical predictijns of the scattering model are presented in
Fig. 4.3-2. The ATS-6 propagation frequency was 30 GNz and the
elevation angle from the University of Texas experiment site was 54°.
As a result, the effective rain extent was 6.7 km. Again there is good
agreement between theory and measurement.
11 Figures 4.3-1 and 4.3-2 demonstrate the flexibility of the synthe-
tic storm algorithm of Sec. 3.6 and the scattering model in predicting
rain effects on millimeter wave communications links.
	 However, before
the
	 be	 to	 thescattering model can	 used	 pr=edict	 effect of rain on OW
arbitrary earth station, more data must be collected to improve the
synthetic storm model of Fig, 3.6-6.
	 An effective storm height of
0 6 W and a ground rain extent of 10 ion seems reasonable; however,
these values may change for different climatic zones.
	 Before the full
potential of the synthetic storm algorithm can be achieved, more data
are needed.
4.4	 Frequency Scaling
4.4.1	 Attenuation
It is often very useful to scale measured attenuation data at
one frequency in order to estimate system performance at another
frequency.	 The frequency dependence of attenuation and the relation-
_..,.
15.
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Figure 4.3-2. Attenuation versus rain rate,
theoretical predictions of the
scattering made] compared to
measured data of the University
of Texas. (30 GHz)
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ship to ground rain rate is predicted easily by the scattering model.
In this section theoretical predictions of the scattering model are
compared to measured data and to the recent frequency scaling algorithm
of dodge [44].
Figures 4.4-1, 4.4-2, and 4.4-3 illustrate the frequency depen-
dence of attenuation measured at the VPI&Std earth station and the
corresponding predictions of the scattering model. Measured and
theoretical data are plotted using equal probability of occurrence
techniques. Figure 4.4-4 presents the measured attenuation data of
w	 a	 prediction oscatteringComsat Labs along with the associated + ed io f the 
model. Although the rain extent and the elevation angles are different
{{
	 for the two sites, the ratio of the 28 GHz attenuation to the 19 GHz
I	 attenuation is the same.
For a given value of attenuation at a particular frequency, the
corresponding scaled value of attenuation at a second frequency can be
determined using equations of the form
A2 = u AV	dB (4.4-1)
where A i represents the attenuation of the i th frequency in dB.	 Using
over regression techniques the constants up	 g	 q and v in E qC 4,4-1 3 can
be determined and are given in Table 4.4-1 for both the theoretical
and measured data presented in Figs. 4.4-1, 4.4-2, 4.4-3, and 4.4-4.
Another way of describing the frequency dependence of attenuation
is through equations of the form
ui	 ^	 ai
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Figure 4 . 4-1. 28 GHz attenuation versus
19 GHz attenuation (VPr&SU).
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Figure 4.4-4. 28 GHz attenuation versus
19 GHz attenuation (Comsat Labs).
ITable 4.4-1. power curve fits to attenuation versus
attenuation data presented in Figs.
4.4-1, 4.4-2, 4.4-3, and 4.4-4. (Ai < 40 dB)See Eq. (4.4-1).
f
VPUSU Comsat Labs
Measured Theory Measured Theory
Frequency
Ratio u	 v	 r2 u	 v	 r2 u	 v	 r2 u	 v	 r2
28/19 2.4902 0.9106 0.99 12.9919 0.8148 1.00 1.9377 0.9927 1.00 3.0778 0.8148 1.00
28/11 2.9722 0.9552 0.98 6.6514 0.7421 1.00 ------ ------ ---- ------ ----
19/11 0.8019 1.2501 0.97 2.6708 0.9099 1.00 ------ ------ ---- --_-- -_-__.. ---
Q
rM1
A2 - a2	(1 2
 - bl)
Al 	 al
RR
f
_	
f (4.4-2)
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where RR is rain rate in mm/hr and a  and bi are found in Table 4.2-1
for the VPI&SU experimental system. It is obvious from Eq. (4.4-2)
that the frequency dependence of attenuation is also dependent on
ground rainfall.
Hodge [443 also has considered the dependence of attenuation
scaling on rain rate. Assuming that rainfall along the propagation
path is a Gaussian function of position on the path, the ratio of
attenuations at two different frequencies is expressed by the relation
	
A2 
=2	
^l/2 RR(21)
	
(4.4-3)
1	 1
where 
ai and ^i are core	 `: 'sociated with power curve fits to
attenuation per kilomett-- attenuation)was a function of a
uniform rain for the i th frequency. These constants are given in
Table 4.4-2. The scattering model prediction, the theory of Hodge,
and a curve fit to measured data for the ratio of 28 GHz attenuation
to 19 GHz attenuation are illustrated in Fig. 4.4-5. The theory of
F
the scattering model and the theory of Hodge both employ ; nonuniform
distribution of rain rate along the propagationp ath. As a result
both models agree rather well with measured data. However, unlike the
Hodge formulation, the synthetic storm algorithm is internal to the
scattering model and can be used also to scale isolation ( the Hodge
formulation can predict only the ratio of two attenuations).
rll^
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Table 4.4-2. Power curve fits to theoretical
attenuation per kilometer
versus rain rate assuming uniform
rain conditions.
Frequency a 9 rz
11 0.0217 1.2001 0.98
19 0.089 1.094 0.99
28 0.276 0.903 0.99
0
sr
ru 2.22
0
6
P
r
G
- 128 -
OJLYt RUS . / S T . / ! S77
ffi w ffi
ai ffi
ra
ffi
?
Bi
IM
4.00
s
E-
o=
La
LM
Est
*,. 2. OR
z
a
RRI I N RRTE (MM/HR)
DRIGINAL PAGE is
QUAUTX
Figure 4.4-5. theoretical attenuation scaling,
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kT
y	 ..
.Y
MI	
- 129 -
fl	
4.4.2 Isolation 
Frequencv scaling of isolation is more complicated than scaling
j	 attenuat =•-; i. Isolation is very sensitive to changes in rain conditions
and as a result significant scatter in isolation occurs. Isolation
measurements are also very sensitive to antenna polarization parameters
and tracking errors. As a consequence of the large variation in
isolation for a single frequency, the scal ing of isolation presents a
difficult problem to communications engineers, researchers and experi-
menters.
For a particular set of system parameters, the scattering model
can predict the frequency dependence of mean isolation. Figure 4.4-6
r.,.,
	 illustrates the frequency dependence of mean isolation for the system
parameters of the VPI&SU earth station. The data presented in Fig.
i
4.4-6 can be represented with equations of the form
I
m2 
= t I W dB	 (4.4-4)I.
where Im 
i 
is the mean isolation in dB for the i th frequency. The
symbols t and w are constants containing the effects of the particular
system parameters ( canting angle, elevation angle, rain extent, etc.)
on mean isolation. These values are tabulated in Table 4.4-3 for the
VPI&SU experimental system. Although the data in Fig. 4.4-6 are
presented without experimental verification, an insight into isolation
scaling has been obtained.
i
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Figure 4.4-6. Theoretical mean isolation
versus mean isolation for
11 , 20, and 30 GHz .
IL
Frequency Ratio t w r2
30/20 3.7238 0.8107 1.00
30/11 1.6371 0. 7707 1.00
20111 0.9642 0.9416 1.00i
0
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0
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Table 4.4-3. Power curve fits io
isolation versus isolation
data presented in Fig. 4.4-6
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CHAPTER V
SUMMARY AND CONCLUSIONS
The effects of rain on millimeter wave propagation will influence
the future design of satellite communications systems. 	 Therefore, it
}	 is necessary to predict the impact of precipitation on satellite
communications system performance prior to the specification of system
L
Fill
parameters.	 To this end a theoretical model has been developed to
predict the degradation in system performance due to precipitation. 	 A
f	 new deterministic model has been presented that models an inhomogeneous
rain by discretizing the rain into several piecewise homogeneous rain
cells.	 The scattering properties of each homogeneous rain cell are
described by effective scattering coefficients. 	 These coefficients
describe the changes in polarization, attenuation and phase shift that
an incident field experiences as it propagates thro igh an ensemble of
particles with a distribution of particle type ( rain or ice), particle
^a
shape, particle size, particle density, and particle orientation.
independent	 nth	 rm al	 it m al	 developed^-	 A frequency
	
sy	 etc sto 	 gor	 h	 so was	 p 
to model the effects of nonuniform rain rates present on satellite
`Li 
•	
communications links. 	 As a result, the scattering modeZ can predict
C 
accurately the effects of rain on a millimeter wave communications
link for a variety of frerjencies, elevation angles and locations.
t'
After a detailed derivation of the scattering mudel, the predic-
tions of the associated Rain Propagation Prediction program were
rl
compared to available measured data.
	 The comparison of theory to
experimental data covered a wide range of system parameters and
-132-
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various site locations. Excellent agreement was obtained.
Although the scattering model has predicted accurately the
F1 	 observed rain effects on satellite link performance at various ground
terminals, more experimental data are needed to further refine the
synthetic storm algorithm. Data describing the distribution of canti ngg	 9	 9
angles and particle shape along the entire rain extent also would lead
to further refinements of the physical modeling of the rain conditions
present on a satellite link. After these refinements and farther
verification of the model with a more extensive experimental data
base, the scattering model will provide the system design engineer
with a low cost, reliable model to predict the . effects of weather
on arbitrary satellite communications systems.
i
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CHAPTER VIr
APPENDIX
	
Eli
	 6.1 Derivations
6.1.1 Derivation of the Generalized Single Particle Scattering_
Coefficients
A
In the development of the scattering model, a generalized single
particle scattering coefficient was used to allow particles within a
thin rain slab to have any arbitrary orientation. Thus, a canting
angle distribution within the rain slab is possible. The derivation
of the generalized single particle scattering coefficients is
straight-forward and based on simple geometric principles [11].
Consider Fig. 6.1-1. An incident field EX aligned with the
arbitrary x-axis is incident on an arbitrary oblate particle canted
at an angle a with respect to the x-axis. 0 is decomposed into
compor:ents E' and Eh along the principal axes ( v, h) of the oblate
particle; respectively,
l
^v =EX sine
Eh = Ex cos e .
3
and Ei are scattered by the oblate particle producing is and is
Lss f Ei =f V sine
v	 v v	 v x
	(6.1-2)
es
Fil
	£ = f Ei = f £i cos eh h	 h x
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Figure 6.1 -1,
 Geometry used in the derivation
of the generalized single
particle scattering coefficients.
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where fv and f  are the complex scattering coefficients of the particle
minor and major axis, respectively ,
 
( fv and fh
 are defined in Sec. 3.1).
Es and is have components 
Evx 
and Ehx along the x-axis and components
EYy and Ehy along the y-axis as a result of the rotation of the inci-
dent field by the oblate particle and are given by
Evx
EV	 8 =s in fv E; sin, e
Ehx = Es cos e = fh EX cos t e
as
	 = Eyc os a = fv EX sin a cos a
is	 - is sin a z f E X sin 6 COs 6h
The total scattered field component along the x-axis is
's a `s	 •s
Ex Evx +
 is
= V {fv sin, e + fh cos, 6}
The total scattered field component along the y-axis is
Ey = as
	 a s
 - 
Ehy
= EX(fv - fh ) sin a cos e
The scattering coefficient fxx is defined as the ratio of EX to i
•s
fxx = T = fv sin,
 a + % cost e
Ex
The scattering coefficient fxy is defined as the ratio of Ey to EX,
r
r
'I'I P,
r:
r:
r
r
ri
r
r
c
0
(6.1-3)
(6.1-4)
(6.1-6)
[(ti
F ^	 R,
o is
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r.
a'
fxY - Ey^i - (fv - fh ) sin a cos e (6.1-6)
X
The coefficients fyx and fyy are obtained by replacing a in Eqs.
z
' (6.1-5) and (6.1-6) with e 
	 where
a
c 
-e-90°
6
r±
and then
f	 F fyx = fxy = (fv - fh ) sin a cos a (6.1-7)
+ and
x fyy = fv cDS Z
 a + fh sin e a (6.1-8)
Equations (6.1-5),
	 (6.1-6), (6.1-7)	 and (6.1-8! define the generalized
single particle scattering coefficients as given in Eq. (3.1-1).
f
6.1.2	 Evaluation of zNi'k 9m
F,
Before the effective scattering coefficients of Eq. (3.2-13)
	 can
r  ^be determined, the evaluation of the summation Ei,k gm is necessary.
is
The summation extends over all the particles within the finite rain
slab of Fig. 3.2-1
	 in the i th size interval and the kth orientation
F interval.
	 if the particles in the i th and kth intervals are numerous,
F
the summation can be expressed as an integral,
r Nick	 at 2n
gm = nigk	 P	 9m d^ = nick I f	 f 9m pdpdpdz (6.1-9)
Vol	 a o ar
where n ick is the number of particles per unit volume in ththe i	 size
k
t
r
Ll
r F!
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interval and the k th orientation interval. Performing the integral
yields
Ni,k
	
At 2n ^ 1 -j
 ko p2/2z
Eg	
= -1	 I ! l z e	 pdpd^&m	 a o a
At - 1
	-j ko A2/2z
= 2a 
ni,k t t z (p a	 dpdz0 0
At 121Tni
,
k t z{-jz/V dz
0
2n oR
— ni,k
- -j aaa n ick	 -	 (6.1-10)
where the following indefinite integral [45] was used:
- 
2 2
Ixe r x dz=
0
Equation (6.1-10) is the result given in Eq. (3.2-7).
6.1.3 Derivation of NV
N. is the total number of raindrops per unit volume within a thin
rain slab and is a function of rain rate and the distribution of
drop size. Since drops of different size fall with different terminal
velocities, they will contribute differently to the total measured
ground rain rate. To account for this difference consider a time
interval of over which all drops striking the ground will be summed to
obtain the total rain accumulation. The drops in the drop size inter-
i^.,.._aK^
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val a to a + da have a terminal velocity of v T (a) given below:
vT(a) = 4.6	 2a	 m/sec	 (6.1-11)
where a is in mr,^ [46]. The height above the ground corresponding to
the height of the last drops in the time interval At to strike the
ground is
h(—a) = vT(a)nt m
= 6.50541] a at m	 (6.1-12)
where a is in mm, v  is in m/sec and h is in m. The volume of water
accum, `ated on top of the ground per unit area of ground surface in the
time interval At due to drops in the size interval a to a + da is then
Vol / (a) = h(a) 4 (a) 3 n(a)da	 (6.1-13)
m2
where n(a) is the number of drops per cubic meter of space in the size
class a to a + Ca. This volume of water equals the rain rate for the
drops with drop size a to a + di, RR(a)Ca, times the time interval.
Using Eq. (6.1-12) in Eq. (6.1-13) and eliminating At yields
RR(a)Ca = vT(a) 3 (—a) 3 n(a) da	 (6.1-14)
The total rain rate is found by summing over all drop size contribu-
tions,
RR = f RR(a) da
= P
T(a) 
41r (
a ) 3 n(a; di	 (6.1-15)
0
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Using the modified Laws and Parsons drop size distribution discussed
in Sec. 3.6 gives
4^r
RR =	 (6.5054) NV P (a) 712 s(a) da
o
= 43 (6.5054) N
V
 {4(2'/2 - I)(1/9 - 1/11)am/
= 47.624 NV am/2 m/s
	
(6.1-16)
where am is the modal drop radius in mm. Rain rate should be in units
of mm/hr, but the above expression arose from terminal velocity in m/s,
1
drop olume in =3 and number density in per m3 of space. Thus top	 Y	 p	 p
convert Eq. (6.1-16) into units of mm/hr,
RR = 47.624 NV % {10 
m 
mm }{ 36 0 s }{10	
13MM
= 0.17144 NV am/ 2 mm/hr 	 (6.1-17)
To find the total number of raindrops per unit volume, the inverse
of Eq. (3.6-17) yields
I.'	 NV = 5.8327 (am )
-7/2	
(6.1-I$}
which is the result given in Eq. (3.6-4).
6.1.4 Derivation of Single Ice Particle Scattering Coefficients
In the derivation of the single ice particle scattering coeffi-
cients, the theory of Rayleigh scattering can be used for frequencies
up to 30 GHz [30]. Assume that an incident electric field is propaga-
i^.
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PP
ting in the z direction and is incident on an ice particle in the by
plane as shown in Fig. 6.1-2. The ice particle can be spherical,
oblate spheroidal, or prolate spheroidal in shape. A dipole moment is
induced in each of the principal planes of the particle. The assump-
tion is made that the size of thearticle is sufficient) small to!^	 Y
ignore higher multi pole moments. Each of the components of the inci-
dent field along the principal planes (h, v) are considered to act
separately in the excitation of the dipole moment in the respective
component direction.
Battan [47] :afines the dipo',e moments in terms of particle shape
i	 as follows:
M  = 4,ff e0(g, g' )Eh
(6.1-19)
i	 my = 47r s o{g, g' }Ev
where g is o complex number describing the effec' :s of particle
geometry on the dipole moment associated with the particle's axis of
revolution and g' is associated with the orthogonal axis. The defini-
tions of g and g` are given below:
ERA V
p (E 2 - 1)
9 =	 (6.1-20)
41r
2
(6R
g,
	
	
eR0 Vp (ER - 1)	
(6.1-21)
41r + (e2 - 1)(2r - P/2)
r	 where for a prolate spheroid,
r
^r
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Figure 6 . 1-2. Geometry used in the derivation
of the- single i ce -particle
scattering coefficients.
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PPRO " 4n 1
	
e2 { e In{ I - e} - 1}
e
2
for an oblate spheroid,
POBL ' e2 {i - 1 -2e sin- e}
e	 e
and for a spherical particle,
P ;T
The various symbols appearing above are defined below:
(6.1-22)
(6.1-23)
(6.1-24)
C RO : complex refractive index of air NO " 11
CR : complex refractive index of ice [471
{cR = 1.75 - j 0.0024 @ 0° C}*
V  : volume of the ice particle
e : eccentricity Ce = 1 - b2 /a2} .
If the eccentricity is close to one, i.e., a long narrow rrolate
spheroid or a flat platelike oblate spheroid Eq. (6.1-22) and Eq.
(6.1-23) reduce to
PPRO * 0
(6.1-25)
POBL a 'n	 .
Using Eq. (6.1-24) and Eq. (6.1-25) in Eq. (6.1-20) and Eq. (6.1-21)
Haworth, McEwan, and Watson [30] evidently have a misprint in their
.p4bt ication.
CSR - I).i
mh,v 	 (C^ 2) 4R Co Eh,v
R
e	
(6.1-28)
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and the results in Eq. (6 . 1-19) yield for the various particle shapes;
Prolate
mh a I R d 1) 4,W 
C0 Eih
2	 (4- 1)	 .iM 2 ^	 0 to Ev
{^ + 1)
Oblate
mh 
	
^ - 1) 4R co E
Env	71,0 - 1/t21 4e co E^
(6.1-26)
(6.1-27)
Spherical
where
T is the equivolumetric particle radius in ^tom.
Now consider the radiation properties of an electric dipole. From
Stratton [48) the radiated electric field is
.WRAD	 k ^	 - ^0z	 (m-29)
E(:) Tit g [7t x (m x Z^^ e^ °-=
0
V,%
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i
3
2	 -j k z
ERA0 — 0 m e —^—h	 4,r e 	 h	 z
(6.1-30)
k2	 -j k®z
RAOe
Ev 	 41r e0 my	 z
Comparing Eq. (6.1-30) to the definition of the scattered field as
defined by the scattering model, the single particle scattering
coefficients can be determined as seen below:
.
's	 = •i	
a_' koz 	
RAQi
	
(z)	 Bh,v fh,v	 z	 Eh,v (z)
	
k 2	 -j koz
47r eo mh,v	 z
So,
a
fh ^ v =^	 mh,v 1/Eh ,v 	 (6. 1 -31)
Using Eqs. (6.1-26), (6.1-27), and (6.1-28) in (6.1-31) yield the
single particle scattering coefficients for each particle shape and
are given below:
Prolate
x
fPRO = 41 a s l (6.812211 - j 0.0268421h	 3k2
fPRO = (413) (3.268519 - j 0.006179)v	
3A2
Oblate
fOBL = MT z } X6.812211 - j 0.0268421
3A
F
f
I
(6.1-32)
V
Eh,v , X2 Ah,v
(6.1-36)
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O	
3^
BL_{41r a }f	 - ---^--- { 2.150047 - j 0.0026741
	 (6.1-33)
V	 2
Spherical
3fSPH	 { 4^ a2} {3.95417 - j 0.009044) .	 (6.1-34)
3a
Equations (6.1-32), (6.1-33), and (6.1-34) define the single ice
particle scattering coefficients. By summing over all the particle
radii within an ice particle concentration, a general scattering
coefficient can be obtained. Define
a
Fh,v 
-	
E	 n(a) fh,v ( a)	 (6.1-35)
a^:al
where n(a) is the number of particles with radius a. Since f h,v is
directly proportional to the volume of the particular particle size
class and inversely proportional to a2,
where V is the total volume of ice in a cubic meter of air and Ah,v
is a complex constant independent of krequency given in Table 3.6-1.
This result along with the general scattering coefficient formulation,
Eq (3.1-1), and the elevation angle formulation presented in 3.6 yield
Eq. (3.6-12).
6.? The Rain Propagation Prediction Programs (RPP)
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6.2.1	 General Description
f The Satin Propagation Prediction program uses the scattering model.
and the synthetic storm algorithm to predict attenuation, isolation,
and phase as a function of rain rate for a given set of system and	
_5
rain parameters.
	
A block diagram of the RPP program is found in Fig.
6.2-1.	 The single input format of Fig. 6.2-2 facilitates changing the
system and rain parameters. 	 Although the lack of data has Caused
certain restrictions to have been placed on the particle distribu-
tions along the rain extent, the scattering model and taus the RPP 	 T
program can model an arbitrary inhonogeneous rain given the appropriate
t' input parameters.	 The input parameters will be discussed in more
detail in Sec. 6.2-2.
After reading he input parameters and calculating the clearg	 p	 g .:,
weather isolation and phase, the RPP program prints an information
header at the beginning of the output section as seen in Fig. 6.2-3.
The rain conditions for each cell are then computed and the scattering
matricies as defined by Eq. (3.3-1) are determined. 	 After computing
the wave exiting the rain medium and the wave-antenna interaction, the
RPP program outputs rain rate, attenuation, isolation and phase data
as seen in Fig. 6.2-4.	 Since curve fits to theoretical data are often
foruseful, the RPP program outputs curve fit data
	 various combina-
tions of rain rate, attenuation, and isolation data as seen in Fig.
6.2-5.
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Figure 6.2-2. Sample input data to the rain
propagation prediction program
(RPP).
0+600 RAIN PRUPAI.AIIIIN PREDICTION PRIIGRAM (RPP1 41*006+6
O0+f0+6100+0006+0 N+0+4►60i+0000++0*t»000 +^0*4++000**0+0
WINE UUMNLINK PRUPAGA{Illll FI[EVVtNLV
	
IS	 11.0	 4441 y4,
fill: LOOK ANGI.E, OLTA, IS 	 33.0	 DEGREES
••00^* 6600•*00*• 00.00.0* ♦+ *`6s*006+++**06+*0++0+10600 ++0
'I	
VV
00*0* PlIMPAR PAKANHIkK5. *0***
tin LLIOV PARAHETtRS
TYPE	 START
	 STOP	 INLHtMtNT
F	 11 RAIN EIITHT	 10000	 10000	 1000f
2! LA161 ANGLE
	 10	 LO	 10
31 RAIN RATE	 3	 60	 3
BINNED COEFFIG1tNTS
1	 2	 3	 9	 6	 7	 R	 4	 10
RAIN RATE
	
0.0
	 0.0	 -0.7
	
-0.7
	
-0.7	 -0.7	 -0.7
	 -0.7	 -0.7	 -0.7
CANT ANGL	 1.0	 1.0	 1.0	 1.0	 1.0	 1.0	 1.0	 1.0	 i.0	 1.0
FRAC DOLT
	 0.6	 0.6	 0.6	 0.6	 0.6	 0.6	 0.6	 0.6
	
0.6
	
0.6
SIGMA	 12.0	 12.0	 12.0	 12.0	 1'1.0	 12.0	 12.0	 12.0	 12.0	 12.0
ICE	 0	 0	 U	 0	 0	 0	 0	 0	 0	 0
00**6 Ir Lt:AR WEATHER INFURMATION 0 00 **
THE: POLARIZATION PAkAHEIER EPSILDN FUR 114E INCIDENT HAVE IS -43.39	 01=13ItkES .
Tllt POLARIZATIUN PARAMEIER TAU FOR THE INClU6141 NAVE
	 15 0.0	 UEGI4ttS
146E FULAk1ZATIIIN PARAML7ER EPSiLNItl FIIR ;dE CU ANTENNA PIlLAk1IATiI1H S1ATF IS -46 .01
	
DEGREES
1HE PDLARIZAIIUN PAKAH L1 1:11 TAU fOk T44t CO ANTENNA PULARAZA711 1N STALE	 IS 0.0	 UkVKEtS
THE POLARIZATION PARAMtTER EPSILON F13R T44E GtUSS ANU NNA PULAHIIAIIOH $lAlt 15 44.11
	
I1tGPktS
THE POLAkIIAT1ON PARAkETtk TAU FUR T41t CHOSS ANTENNA
	 S1ATt 1S V6.00	 DEGREES
7IIL CLtAK HEATI4LR
	 ISULATIUN ktFtkLhCLD TO TI4E ANTEIIIIA PuR1S 15 37.99	 DO
THE CLtAR NEAll4kk PHASE UIFFLRtNLk
-0.01	 Dk6kttb
Figure 6.2-3.
	
Information header section for the output of the
rain propagation prediction program corresponding
to the input data of Fig. 6.2-2.
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- -	 ,.. ...	 ^	 1,;,	 ., . ....	 . ...-...,.	 _.. -	 ,.	 ^. -
THE RAIN LX1EN7 1S 10000 Nt1tkS
	
10ti ftAtd ANbtk	 HETWLeN TNt Y-A%15 AND THE URUP MINOR AXIS IMEJA1 15
	
l0 UEGRIS$
r3.*r•s+srtrart SGATTERIN4. NODE1. srtrssrtrtsrtssr^s•
RAIN RATE INK/hU1
	
ATTtH IIJBI
	
ISUL dVBI
	
PHASE IUEG1
	3.00	 1.99	 31.83	 299.96
	
5.00	 2.90	 251051
	
290061
	9.00	 3.73	 27.80	 295.81
	
12.00	 q.39
	 26.63	 283015
	
15.00	 5003	 25061
	
281.28
	
18600	 5.66	 21#.60	 279.79
	
21.00	 6.21	 23.94	 278.72
	
24.00	 6.76	 23.24	 277.74
	
27.00	 7.2to
	 22.66	 276.98
	
30.OU	 1.73	 22.12	 276.30
	
33.00	 Y.Lo	 21.60	 275.65
	
36.00	 9.67	 210 11 	 27y.a9
	
vto39.00	 9.13	 '20.66	 27-0.59
	
42000	 9.61
	
20.20	 274.07
	
45.00	 10.07
	 19076	 273.60
	
-09.00	 10051
	
19.97	 273019
	
$1.00	 10.94
	 19.01
	 272*82
	
54100	 1 1.34	 18.68	 271.50
	
57.00	 11.77	 18.32	 27[,12
	
00.00
	 12010	 1709d	 2x1.76
Figure 6.2-4. main propagation prediction program output, attenuation,
isolation and phase as a function of rain rate
corresponding to the iroput data of Fig. 6.2-2.
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CURVE FITS TO AHUVk DATA
CURVt TYPE A550CIATtU tWIATIUN A a R**7
ATTEN VS RR	 PUMLR ATTEN s AORK*vi 009510 0.6197 009994
I SUL VS RK	 LOG I SUL - A 40*LN IRR 1 30.4404 -4.9018 005reab 1
r
ISRL VS AYTFN	 L06 ISM r A #0 #LNIATTkffl 3800BO7 -70935u 0.9933 IV
_
1
Figure 6.2-5. Rain propagation prediction program output,
curve fits to the data in Fig. 6.2-4.
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6.2.2 RPP Users Guide
on '1k.
The RPP program was designed to provide an efficient tool to
t^
predict the effects of precipitation on satellite communications system
performance.
	
The RPP program is written in the FORTRAN programming
k.
language, and the program listing is found in Sec.
	
5.2.3.	 This
in	 RPPl; section explains the steps 	 the operational procedure of the
L. ( program.	 Each step corresponds to a line of input data in Fig. 6.2-2.
t.
lStep
Input the operatini frequency in GHz in an F5.1 format.*
4
i
k
Step 2
' Input the system elevation angle in degrees in an F5.1
. forma t.
St„	eR 3
Input the effective physical rain extent (L) do trop
The inparameters in meters	 F.STRP	 T. TOP	 and .r...Fi3	 putp	 ^	 P
i format is 15.	 The do taap parameters allow finer control
over the rain extent parameter.
	 To implement the synthetic
storm algorithm consult Fig.	 3.6-5.
* The scattering coefficients fv and fh are limited to 11.0, 14.0,
20.0, and 30.0 GHz. To increase the frequency selection, curve
regressions for published fv and fh coefficients at other frequen-
ies are easily obtained and the RPP program is easily modified.
f,
Step 4
Step 5
Step 6
Step 7
i 4^
Lb
i?
is
r
C=
G
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Input the mean canting angle (au } d. Zoop parameters ANSTRT,
ANSTOP, and ANI NC in degrees { p 1 < 45° l . The format is I5.
Input the rain rate do look; parameters RRSTRT, PMTOP, and
RRINC in mm/hr {RR < 250 mm/hrl.	 The format is	 I5.
Input the clear weather wave polarization state parameters
ew
 and rtw in degrees. The format is F7.2.
Input the co and cross antenna polarization state parameters
Eco' Tco' ccross 
and 
Tcross 
in degrees. The format is F7.2.
Input the x i coefficients of the synthetic storm algorithm
for each rain cell. To model a uniform rain path x 110 1- 0.
Note that ceZZ one is cZosest to the receive antenna. The
format is F4.1.
If a distribution of mean canting angles is desired along
Step 8
r
r
t
r	 Step9
r
r
r
A- 155 -
the propagation path, input the multiplicative factors for
each rain cell {T = B; e	 If a uniform distribution
i	
u 1
along the rain path is desired 
B
1-o 0 = 1.0. The format is
F4.1.
Step 10
Input the fraction of oblate raindrops C i in each rain
cell. The format is F4.1.
Step 11
Input the standard deviation of the canting angle distribu-
tion of ai of each rain cell in degrees. The format is F4.1.
Step 12
Input a "0" to indicate a rain cell or input a "l" to
indicate an ice cell for each cell along the propagation
path. For an ice cell, steps 9, 10 and 11 are overridden
and the assumptions of Sec. 3.6.5 apply. The format is I3.
Step 13
Input a "0" for a downlink. Input a "l" for an uplink, 'ihe
format is 15.
By controlling steps 1 through 13, a wide range of system and
rain parameters can be modeled and their effects on the performance
A
3	 '^
3	 r
r
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of an arbitrary satellite communications link can be determined.
RPP00010
RPP00020
RPP00030
RPP00040
RPP00050
RPP00060
RPP00070
RPP00080
RPP00090
RPP00100
RPP00110
RPPOO120
RPPOO130
RPPOO140
RPP00150
RPPOO160
RPPOO 170
RPPOO180
RPPOO190
RPP00200
RPP00210
RPPOO220
RPPOO230
RPP00240
RPP00250
RPP00260
RPP00270
RPPOO280
RPP00290
RPP00300
RPP00310
RPP00320
CA
r - -
..T17-4
C
C	 6,2.3 RAP Program Listing
C
C*
C*	 MAIN PROPAGATION PREDICTION PROGRAM 1RPP)
C*
C*	 THIS PROGRAM OUTPUTS' THEaRETICAL RAIN PROPAGATION
C*	 DATA iATTENUATIONe ISOLATIONp AND PHASE) FOR A
C*	 VARIETY OF FREQUENCIES i ELEVATION ANGLES AND LOCATIONS
C*	 AS A FUNCTION OF GROUND RAIN RATE.
C*	 THE INPUT FORMAT ALLOWS THE RAIN PATH TO BE SUBDIVIDED
C*	 INTO TEN SEGMENTS WHICH PROVIDE ARBITRARY VARIATION
C*	 OF THE PROPAGATION MEDIUM PARAMETERS.
C*
C*	 PROPAGATION MODEL:	 SCATTERING MODEL
C*
co
	 PROGRAMMER:	 RUSSELL R. PERSINGER
C*
C*	 CONSULTING ADVISORS: OR, WARREN L. STUTZMAN
C*	 AND ROBERT E. CASTLE
C*
C*	 THIS PROGRAM WAS DEVELOPED IN PARTIAL
C*	 FULFILLMENT OF THE REQUIREMENTS FOR THE DEGREE
C*	 OF MASTER OF SCIENCE IN ELECTRICAL ENGINEERING;
C*	 HOWEVER, ITS DEVELOPMENT WAS SUPPORTED BY NASA
C*	 WITH IMPORTANT ADDITIVE SUPPORT FROM THE DEFENSE
C*	 COMMUNICATIONS AGENCY AND THE US ARMY RESEARCH OFFICE,
C*
C
C
^,.,,,, .:..	 , .,.; z. ....,. ^.::ati r 	ra,.,,:'_.^.
	 ,•..^	 r7..,-..-.^, .r,.-^,.. ,,-a.	 ,._;... r.a._rw...—.^. 	.. ^..^,^ _^t*.^°':°,"'eF.'SCTaI!^ yL2^'RC'?t'-'FSC^:'.Y.:;lr^^s?:,^►:^F"",.	 ,.. ..	 .. ... .... .. _	 .^^, .-.,.	 ;^.	 -	 ..	 ^	 ,	 ^	 ..^..	 ,..
.may ,^^ "^","^ ^+rr.y ...^..w w.•+r ^-^^^ """"" ^ :^...., ..^.' ^^ "r`^^ ^^ ^' ^""^ ^.,..^
	 ^ ^
DIMENSION ICE1101sSIGMA110) RPP00330
DIMENSION UINI10) RPP00340
DIMENSION Ai t0) s6I101 * Ct10! RPP00350
DIMENSION THETAI151 *RRATEIIS)sRRATE1(300)sPEi151 RPP00360
DIMENSION PHASE1(300)sISOLII3004 * ATTENI[300) RPP00370
DIMENSION PXX[15) * PXY115) * PYXI15)sPYY(15) RPP00380
i INTEGER LSTRT * LSTDP * ZINC RPP00390
INTEGER ANSTRT * ANSTOP* ANINC RPP00400
INTEGER RRSTRTsRRSTOP,RRINC RPP00410
INTEGER BIN901REC RPP00420
REAL ISOL RPP00430
'q EAL ISOLI R LOKANG RPP00440
COMPLEX MI NUSJ RPP00ie50
COMPLEX*16 CONSNT	 '
r
RPP00460
COMPLEX*16 EXOtEY0 * EXCsEYCsEXXtEYX RPP00470
COMPLEX* 16 F V * FH,F SPHs D IFF	 ^
*16 P1
RPP00480
RPPOO490COMPLEX * P2sP3 * P4 0
COMPLEX*16 EXN * EYN RPP00500	 .,
COMPLEX*16 PXX 9 PXY 9 PVXsPYY RPP00510	 CD
COMPLEX*16 ^- XXsFXYsFYY RPPOO520
COMPLEX*16 SXX * SXY * SYXsSYi RPP00530
COMPLEX* 16 LAMDAts LAMDA2 sALPHAOvALPHAI RPPOO540
C RPP00550
COMMON/BLOC1/MINUSJsCONV RPP00560
C RPPOO570
C RPP00580
C^**u^********************************* *s*^*****^*****s****** **********RPPD0590
C* RPP00600
C* FI:+ST THE PROGRAM READS ALL NECESSARY VARIABLE VALUES INTO RPP00610
C* MEMORY AND WRITES THIS INFORMATION OUT AS A HEADER AT THE RPP00620
C* BEGINNING OF THE OUTPUT SECTION. RPP00630
C* ALSO INCLUDED IN THIS SECTION ARE THE CLEAR WEATHER CONDITIONS RPPOO640
C*	 AND AS A RESULT/ UNIT VECTORS DESCRIBING THE SYSTEM POLARIZATIONS RPP 00650
C* ARE COMPUTED. RPP00660
C* RPP00670
C* FREQ IS FREQUENCY IN GHZ (
	
11.01 14.09 20.09 30.0 ONLY 1 RPP00680
C* LOKANG IS ELEVATION ANGLE IN DEGREES (0...901 RPP00690
G* LSTRT/LSTOP, AND LILAC ARE THE RAIN EXTENT PARAMETERS RPP00700
C* IN METERS RPP00710
C* ANSTRTm ANSTOP I AND ANINC ARE CANTING ANGLE PARAMETERS RPP00720
C* IN DEGREES RPP00730
C* RRSTRTI RRSTOP I AND RRINC ARE RAIN RATE PARAMETERS IN MM/HR RPPOO740
C* ALL EPS'S AND TAU 1 S ARE IN DEGREES RPP00750
C* BIN ONE IS LOCATED AT THE GROUND ANTENNA RPP00760
C* A(11...10)/
	
6(1 1 ...101/	 AND C(1 1 ...10)	 ARE MULTIPLICATIVE FACTORS RPPOO770
co ASSOCIATED WITH THE RAIN EXTENT BINS RPROO780
C* A(l) CONTROLS THE ITH BIN RAIN RATE RPP00790
C* THE VALUES OF A(I) ARE SET IN ACCORDANCE WITH THE STORM ALGORITHMRPP00800
C* B(i1 CONTROLS THE ITH BIN CANTING ANGLE RPP00810
C* CII1 CONTROLS THE ITH BIN PERCENT OBLATENESS RPPOO820
C* THE ABSOLUTE VALUE OF THETA(I1
	
IS ALWAYS LESS THAN 45 DEGREES RPPOO830
C* RRATE(I1	 IS ALLAYS LESS THAN 250 MM/HR RPPOO840
C* SIGMA(I1 IS THE STANDARD DEVIATION OF THE CANTING ANGLE RPPOO850
co DISTRIBUTION FOR THE ITH BIN. (EQUAL TO ZERO OR 10<SIGMA<50) RPPOO860
C* IF ICE(I1	 IS EQUAL TO It THE ITH BIN IS FILLED WITH ICE PARTICLES RPPOO870
C* IF ICE111
	
IS EQUAL TO O 1 THE ITH BIN IS FILLED WITH RAIN RPP00880
C* D IREC EQUA LS ONE F "_1R UPL INK RPPOO890
C* DIREC EQUALS ZERO FOR DOWNLINK RPP00900
C* RPP00910
C**##* t'#a'**###s^**^#*#**#####+^#***#*##*###*#*#*#**#*#*****#**^t##*#***#RPP00920
C RPP00930
READ(591001 FREQ RPP00940
READ(511001 LOKANG RPP00950
READ(5v101) LSTRT I LSTOP I LINC RPP00960
Ln
to
., 
..,,.^,y	 ^^	 /+^r^	 ^y	 ^	 ^	 i	 +	 ^I	 ^ - - i	 .. -..--I	 f •.-... 1	 ♦ ^	 ^i	 ^	 .--_•.t-i	 !^ - --^^	 ,.,.-...... J	 r-., i	 •^ J	 ^.-•-.J
C
+0
READ15 * 1011 ANSTRTxANSTOP*ANINC
READ15.1011 RRSTRT,RRSTOP#RRINC
READ15 * 1021 EPSW*TAUW
READ15 * 1031 EPSC *TAUC * E PSX*TAUX
READ(5x104) 1A111*1=19101
READ15 * 1041 18iI1,1=1,101
READ(5o l04) 1C1 I1, I=1,101
READ(5 9 104) 1SIGM11I10IY1,101'
READ(5x105) LICE1Il,I=1,10;
READ15 * 1011 DIREC
C
100 FORMAT1F4.11
101 FORMATII5 * I5 0 51
102 FORMAT 1 F 7.2 * F7.21
103 F ORM AT 141 F 7.21 1
104 FORMAT1101F4.111
105 FORMAT 110131
C
WRITE 16x200!
WR?TE16*2,11
IF(D1REC.EQ.11 WRITE16120311 FREQ
IF 1DI REC.EQ.01 WRITE 16,20301 FREQ
WRITE46 9 2011 LOKANG
WRITE 1602211
WRITE(69202)
WRITE(6v204)
WRITE 1602051
WRITEI6 * 2061 LSTRTsLSTOP*LINC
WRITE16 P 2071 ANSTRT * ANSTOP*ANINC
WRITE(6 w 208) RRSTRTARSTOP;BRING
WRITE 16, 2091
WRITE (6*210)
RPP00970
RPP00960
RPP00990
RPPO1000
RPPOlOtO
RPP01020
RPP01030
RPP01040
RPP01050
RPP01060
RPPOI070
RPP01080
RPP01090
RPPO1100
RPP011IO
RPP01120
RPP01130
RPPOL140
RPP01150
RPP01160
RPP01170
RPP01180
RPPOI190
RPPOi200
RPP01210
RPP01220
RPP01230
RPP01240
RPP01250
RPPOt260
RPPOt270
RPP01280
0
s _.. _1	 "-=	 -....-..n	 =-..l	 s.0_- ..1	 r.-=	 1.v 1	 h"or,+ ,	 Im	 I "-	 1"	 an ON
WRITE(6 * 2111 I AI I1 0=1 9 10) RPP0129-0
WRITE16r2121	 (r3(I1 * I=1 * 101 RPP01300
WRITE16r2131 1C(I1vI=1r10) RPP01310
WRITE16 * 2131)
	
4SIGMAII1rI= 1 * 101 RPPOL320
WRITE(6 9 2132)	 IICE(I1 * I= 1,101 RPP01330
WRITEIb 9 2141 RPP01340
WRITE(6 * 2151 EPSW RPP01350
WRITE(6Q216) TAUW RPP01360
WRITE(6v217) EPSC RPP01370
WRITE16 9 2181 TAUC RPP01380
WRITE1692191 EPSX RPP01390
WRITE(6 * 220) TAUX RPP01400C RPP01410
200 F0RHAT(1H1 * 3Xq****** RAIN PROPAGATION PREDICT1 1.3N PROGRAM (RPP1 ***RPP01420
1****') RPP01430
201 FORMAT[/ OWTHE ELEVATION ANGLE S SETA * IS	 ' * F4.1r2Xr*DEGREES') RPP01440
202 FORMAT I // f 3Xr f ***** PROGRAM PARAMETERS ***** f ) RPP01450
2031 FORMAT(// OW THE UPLINK PROPAGATION FREQUENCY IS'*2X.F4.1v2X,1GH1RPP0l4601r1 RPP01470
2030 FORMATI // 9 3X * 6 THE DOWNLINK PROPAGATION FREQUENCY IS 9 r2X * F4.lv2X * RPP01480
i'GNZ' 1 RPP01490
204 FORMAT WOXv°0U LOOP PARAMETERS 9 1 RPP01500
205 F©RMATI / OX O	 TYPE	 START	 STOP	 I NCREMENT' ) RPP01510
206 FORMAT[/ 9 3Xr'1) RAIN EXTNT 1 r36v5Xr16r4Xr161 RPP01520
207 FORMAT(/r3Xr i 21 CANT ANGLE 5 v16 9 5XvI6 *4Xt16) RPP01530
208 FORNATI/v3Xr *31 RAIN RATE	 0 rI6r5XrI6v4XrI6) RPPOIS40
209 FORMAT(.!/y3X I O SINNED COEFFICIENTS') RPP01550
210 FORMAT(//r15Xsr1'r5X*f2fv5Xrf3f95X*:4'•5Xr'5'r5X*'6rr57Ivf7'*5Xrf$'RPP01560
1 f 5X 9 f 9* f 5Xs f 10* ) RPPD1570
211 FORMATI/ * 3 WR AIN RATE 0 * 2Xr101F4.1v2X1) RPP01580
212 FORMATI/*3Xr*CANT ANGL'r2Xvl01F4.lv2X)1 RPPOI590
213 FORMAT[/r3X* I FRAC 08LT f r2Xr10(F4.1,2X1) RPP01600
vs
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t--,..._.!	 r. ....--.i
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r—.-., 1	 ^ir±r+l	 ^	 F!Mri .^
2131. FORMAT(/ 9 3X # *SIGMA	 *92X,10€F4.1t2X)) RPP01610
2132 FORMA W i 3X 9 'ICE	 ',2X910(14t2X)) RPP01620
214 FORMAT(//93X9****** CLEAR WEATHER INFORMATION ******)	 RPP01630
21,5 FORMAT(//r3X9*THE POLARIZATION PARAMETER EPSILON FOR THE INCIDENT RPP01640
1WAVE	 iS* t21X 9F7.2,2X 9 *DEGREES*) RPP01650
216 FORMAT€ OX 9 *THE POLARIZATION PARAMETER TAU FOR THE INCIDENT WAVE RPPOL660
1	 ] S o o
 
24X,F7.292 X9 • DEGREES • ) RPP01670
217 FORMAT€/ 93X 9 'THE POLARIZATION PARAMETER EPSILON FOR THE CO ANTENNARPP01680
1 POLARIZATION STATE IS* r5X 9 F 7.292X,*DEGREES') RPP01690
218 FORMATI/ 9 3X9*THE POLARIZATION PARAMETER TAU FOR THE CO ANTENNA POLRPPOL700
IARALA71ON STATE IS f r9X,F7.2,2X,'DEGREES*) RPP01710
219 FORMAT(/OX 9 * THE POLARIZATION PARAMETER EPSILON FOR THE CROSS ANTERPPOI720
INNA POLARIZATION STATE IS*r2X t F7.2 92X9'DEGREES 9 ) RPP01730
220 FORMAT(/t3X 9 'THE POLARIZATION PARAMETER TAU FOR THE CROSS ANTENNA RPP01140
L STATE IS*rl8X t Ft.2r2X,*DEGREES'1 RPP01750
221 FORMAT( //r 3Xrl***s*****4^**********************************s*******RPP01760
1*****) RPP01770
222 FORMAT( 1H1 9 2X ,'THE RAIN EXTENT	 IS	 1 ,15, 6 	METERS*)	 RPP01780
223 FORMAT€//93X,*THE MEAN ANGLE BETWEEN THE Y--AXIS AND THE DROP MINORRPP01790
1 AXIS	 (THETA)	 IS	 1 9 159'	 DEGRESS l l RPP01800
224 FORMA7(////,25X9************** SCATTERING MODEL RPPOl816
1/1 RFP01820
225 FORMAT(//r3Xt*RAIN RATE €MM/Hv',% $ ,5X 9 'ATTEN 081*99WISOL IDB14,8XRPP01830
1 9 *PHASE
	
IDEGI $ o//) RPPOIS40
226 FORMATI / rlOX 9 F6 . 2 9 11X , F6.2,12X 9 F6 . 2ollX9F7 . 21 RPP01850
227 FORMAT( //////'	 CURVE FATS TO ABOVE DATA°) RPPOIS60
228 FORMAT{/// 9 21X, + CURVE TYPE*,6X,'ASSOCIATED EQUATION*97X9'A'911X9*BRPP01870
1* 9 9X 9 *R**2 + 1 RPP01880
229 FORMAT(/ /v &	ATTEN VS RR* 9 8X 9 *POWER 6 9 12W ATTEN = A*RR**B*94X93(FRPP01890
18.4t4X)) RPP01900
230 FORMAT(//t'
	
ISOL	 VS RR*,10X9'L0G*r12Xt*ISOL = A*B*LNIRR)f,3X,3(FRPP01910
18.4 9 4X) ) RPP01920
cri
N
A5
M
w., ^.	 ..l rv:.,r'. 7. - -ar ^ V .">+1 ..	 - ._._«r! ^':Tf,.'"_.^1	 J,l'i	 1.`:F i	 j'4 TS*' fs^1^^»	 ?^rlY:^^^M1^3	 a+aTK,	 L—	 .t	 -ij°rerP^:{+":J.^^^
231 FORMAT (//, '
	
I SOL VS ATYEN # # 7X ! • LOG • ♦ IOX, 0 I SOL = A+8*LN I ATTEN ► ' 2RPP01930
IX V 3(F6.4 1 4X) I RPP01940
C RPP01950
C • RPP01960
PI=3.14159265 RPP01970
CONV=P i/ i80. RPPOL960
LOKANG=LOKANG*CONV RPPOL990
HINUSJ=10.6-1.1 RPP02000
C RPP02010
CALL COMPNTtEPSWeTAUWjEXO # EYO) RPP02020
CALL COMPNTtEPSC t TAUCgEXC i EYC) RPP02030
CALL C0HPNTIEPSXvTAUXeEXXvEYX) RPP02040
C RPP02050
EYC=DCONJGIEYCJ RPP02060
EYX=OCONJGIEYXI RPP02070
C RPP02080
CALL CLEWEAtEXO,EYOvEXCsEYCv XX.EYX) RPP02090
C RPP02100
C ^^+^^#**#*^^**#*#*$s*s^# ****#*******#*^*^*^*^^**#:^******^*+^*** #*^##+^****RPPD2110
Ct RPP02120
C* THE REST OF THE PROGRAM USES THE
	 SCATTERING MODE. RPP02130
C* TO COMPUTE ATTENUATION, ISOLATION * AND PHASE AS A FUNCTION RPP02140
C* OF RAIN RATE AND OUTPUTS TNER IN AN ORGANIZED FORM. RPP02150
C* RPP02160
C ^^#*#***#*^*^^*^ ***s*#s#*^s*** ^**^*^s***#**#^***#***##*#*##****#*#****#RPP02170
C RPP02180
IF(ANSTRT.LTdO) FLAG--1.t1 RPP02190
IFIANSTRT.LT.0) ANSTOP=ANSTOP+360 RPP02200
J
:FtANSTRT.LT.0J ANSTRT=ANSTRT+360	
1RPP0220
ANSTRT=ANSTRT + ANINC
	 RPP02230
ANSTO P=ANSTOP + ANINC
	
_	 RPP02240
i
Ail
4
m
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1
c RPP02250
00 1 I I=LSTRTaLSTOP aLINC RPP02260
00 is JJ=ANSYRTaANSTOPaANINC RPP02270
C RPP02280
RAINL=.II RPP02290
JJJ=JJ—kNINC kPP02300
JJJJ*JJJ RPP02310
IF(FLAG.E4.1.01 JJJJ=JJJ-360 RPP02320
C RPP02330
WRITE(6 9 222)	 if RPP02340
WRITE(6v223) JJJJ RPP02350
WRITE(6a224) RPP02360
WRITE(69225) RPP02370
L RPP02380
III=O RPP02390
THETA(11=JJJ*CONV RPP02400
IF(THETAIII.GT.Pd)	 THETA(1)=THETA(1)-2.*PI RPP024tO
i	 C RPP02420	 r
00 2 KK=RRSTRTaRRSTOPaRRINC RPP02430	 ^
C RPP02440
C SET UP THE BINNED PARAMETERS RPP02450
C RPP02460
RRATEI II =KK RPP02470
C RPP02480
C III IS THE NUMBER Of RAIN RATE ENTRIES... LESS THAN 300 RPP02490
C RPP02500
III= III
	 +	 1 RPP02510
RRATEIIIIII=KK RPP02520
c RPP02530
00 3 1=1.10 RPP02540
C RPP02550
K=I+1 RPP02560
. 
a.. ',.f-t:._.i.ru:-,a...u:e^x.^nxlal[:erau,..Lu,.: .:•.:R:s..:e..'i3u^....... ; I. ._.,....
IFIK.E0.11) GO TO 9 RPP02570
RRATE IICI=;I RRATE(L) / 10.01**AIKI *RRATE(11 RPP02580
THETA(K.)=B#K)*THETAII) RPP02590
9 PE(I)=C-fl) RPP02600
C RPP02610
IFIRRATEIK).LT.1.00) RRATE(K)=I.0 RPP02620
IF{RR ATE(KI.GT.250.0) RRATE(K)=250.0 RPP02630
IFITHETAIKI.GT.0.78541 THETA(K)=0.7654 RPP02640
IF(THETAIK).LT.-0.78541 THETA(K) =-0.7854 RPP02650
3 CONTINUE RPP02660
C RPP02670
C SCATTERING MODEL RPP02680
C RPP02690
OELTAL=1.0 RPP02700
CONSNT=MINUS)*DELTAL *0.3/FREQ RPP02710
NN=RAINL /IDELTAL* 10.01 RPP02720
C RPP02730
C COMPUTE THE SYSTEM MATRICES FOR EACH DISCRETE BIN RPP02740
C USING THE CAYLEY-HAMILTON THEOREM. RPP02750
C RPP02760
j I1=0 RPP02770
BIN(I)=1 RPP02780
C RPP02790
DO 4 I=It10 RPP02800
C RPP02810
C CHECK FOR UNIQUE SINSw IF PREVIOUSLY COMPUTED 00 NOT RECOMPUTE RPP02820
C RPP02830
IFII.EQ.11	 GO TO 13 RPP02840
C RPP02850
DO 8 K1=ltll RPP02860
C RPP02870
Y2=BINIKII RPP02880
i
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C RPP02890
IF(ITHETA(I).EQ.THETA(K21).AND.IPE(I).EQ.PEIK2)i.AND.IRRATEII) RPP02900
1.EQ.RRATE(K2)1.AND.(ICE(I).EQ.ICE(K2)).AND.ISIGMAII).EQ.SIGMAIK2)1RPP02910
11 GO TO 7 RPP02920
C RPP02930
8 CONTINUE RPP02940
13 CONTINUE RPP02950
C RPP02960
AM0DE=0.5 +0.45*ALOGIO(RRATEIII) RPP02970
C RPP02980
IF(ICE(I).NE.11	 GO TO 14 RPP02990
CALL ICECOFIFREQeAMODEeFXXeFYY @ FXY P LOKANG # RRATEeleTHETAI RPP03000
GO TO 15 RPP03010
C RPP03020
14 CALL CAPFIPEPAMDDE * FXX.FYYeFXY * FREQeLOKANGiRRATE :i. TH£TA , SIGMA I RPP03030
15 CONTINUE RPP03040
C RPP03050
SXX=1.+:ANSNT*FXX RPP03060
SYY=1.+CLINSNT*FYY RPP03070
SXY=CONSNT*FXY RPP03080
SYX=SXY RPP03090
C R PP03100
LAMDAI=(SXX+SYY)/2.+CDSGRTI(ISXX+SYY1**21 /4.+SXY* * 2--SXX*SYY) RPP03110
LAMDA2=ISXX+SYY1/2.—CDSQRTII ( SXX+SYY)**2)/4.+SXY* *2— SXX* SYY) RPP03120
C RPP03130
ALPHAO=(LAMDA2*(L1lMDA1**NN)•—LAMDAI*(LAMDA2* *NN)) /(LAMDA2—LAtMDAII RPP03140
ALPHA â=(LAMDA2**NN — LAMDAI**NN)/[LAMDA2 —LAM0AL) RPP03150
C RPP03160
PXX(I)=ALPHAO , ALPHAL*SXX RPP03170
PXY(ID=ALPHA"-SXY	 j RPP03180
PYX (I )=PXY (I I RP003190
PYYII1=ALPHAO+ALPHAI*SYY	 o RPP03200
rD ,^
l^
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rn
rn
I
RPP03210
RPP03220
RPP03230
RPP03240
RPP03250
RPP03260
RPP03270
RPP03280
RPP03290
RPP03300
RPP03310
RPP03320
RPP03330
RPP03340
RPP03350
RPP03360
RPP03370
RPP03380
RPP03390
RPP03400
RPP03410
RPP03420
RPP03430
RPPQ' :40
RPP03450
RPP03460
RPP03470
RPP03400
RPP03490
RPP03500
RPP03510
RPP03520
^^
'g-l-OP
r
rnV
i	 t
'r
c
'^ I 1wI1+1
BINII ID=I
GO TO4
7 CONTINUE
C
PXX(I)=PXX(K2)
PXY(i)=PXY(K2)
PYX(I)=PYX IK2)
PYY(I)=PYY(K2)
C
4 CONTINUE
C
00 5 I=109
C
IFIDIREC.EQ.I)	 GO TO 11
C! J=11-I
K=J-1
GO TO 12
11 CONTINUE
f K=I+i
r J=I
12 CONTINUE
C
P1=PXX(K3*PXX(J) + PYX(K)*PXY(J)
P2=PXX(K)*PYXIJ) + PYX(K)*PYYIJ)
P3=PXY(K1*PXX(J) + PYY(K1*PYX(J)
P4=PXY(K)*PYX(J) + PYYIK)*PYYIJI
C
PXX(K)=P1
PYX(K)=P2
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PXYIK)=P3 RPP03530
PYY(K)=P4 RPP03540
C RPP03550
5 CONTINUE RPP03560
C RPP03570
C COMPUTE THE RESULTRNG X AND Y COMPONENTS EXITING THE RAIN MEDIUM RPP03580
C RPP03590
EXN=P I :*EXO + P2*EYO RPP03600
EYN=P3*EXO + P4*EY0 RPP03610
C RPP03620
C COMPUTE THE ANTENNA OUTPUTS DUE TO RAIN AND POLARIZATION MISMATCH RPP03630
C RPP03640
CALL OUTANTtEXN # fYNsEXC t EYCsEXX:EYX,,IIIpiSOLI P ATTENI#PHASEII RPP03650
C RPP03660
2 CONTINUE RPP03670
C OPP03680
C NOW OUTPUT THE DATA IN AN ORGANIZED FORM RPP03690
C RPP93700
DO 6	 1=1,III RPP03710
WRITE(6t226) RRATE1(1),ATTENI(I),ISOLIII)l P PHASE111) RPP03720
6 CONTINUE RPP03730
C RPP03740
C PERFURM LINEAL REGRESSIONS ON OUTPUT DATA RPP03750
C RPP03760
WRITE16t2271 RPP03770
WRITE(6r228) RPP03780
CALL CURVEIRRATE1rATTEN1 9 111 *AA * BB:Ro21 RPP03790
WRITEI6422 91 AA,BB,R RPP03800
CALL	 CURVE#RRATELeISOL1rIII,AA * BB * Rt31 RPP03810
WRITEI6o2301 AA,BB,R RPP03820
CALL CURVEIATTEN1sISOL1oiIIrAA,B8,R,31 RPP03830
WRITEi6p2311 AAv8B:R RPP03840
C RPP03850
1 CONTINUE RPP03860
C RPP03870
WRITE(6,1000) RPP03080
1000 F0RMAT(1H1) RPP03890
STOP RPP03900
END RPP03910
SUBROUTINE COMPNT(EPS,TAUsEX,EY) RPP03920
C RPP03930
C THIS SUBROUTINE RETURNS THE X AND Y COMPONENTS GIVEN AN EPSILON RPP03940
C AND TAU (IN DEGREES) DESCRIBING AN ARBITRARY POLARIZATION STATE RPP03950
C RPP03960
COMPLEX*16 EXeEY RPP03970
COMPLEX MINUS) RPP03980
COMMON/BLOC1/MINUSJtCONV RPP03990
C RPPO4000
EPSR= EPS*CONV RPPO4010
TAUR=TAU*CONV RPPO4020
C RPPO4030
IF(A8S(EPSR).EQ.(45.*CONV)) 	 GO TO	 1 RPPO4040
IF(EPSR.EQ.0.)	 GO TO 2 RPPO4050
1F(TAUR.EQ.O.)
	
GO TO 3 RPPO4060
1F(TAUR.EQ.190.*C0NV))
	
GO TO 4 RPPO4070
C RPPO4080
T1=TAN(2.*EPSR) RPPO4090
T2=SIN(2.*TAUR) RPPO4100
DELTR=ATAN2(T1,T2) RPPO4110
GAMR=0.5*ARCOS(COS(2*EPSR)*COS(2*TAUR)) RPPO4120
GO TO 100 RPPO4130
1 DELTR=2.*EPSR RPPO4140
GAMR=45.*CONV RPPO4150
GO TO 100 RPVO4160
rn
I
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2 DELTR=0. RPPO4170
GAMR=TAUR RPPO4180
GO TO 100 RPPO4190
3 DELTR=SIGNtI. * EPSRI*90.*CnNV RPPO4200
GAMR= ABSIE ? SRI RPPO4210
GO TO 10 0 RPPO4220
4 DELTR=SIGNII. * EPSRI*90.*CUNV RPPO4230
GAMR=90.*CONY—ABSIEPSRI RPPO4240
100 CONTINUE RPPO4250
C RPPO4260
EX=COS(GAMR) RPPO4270
EY=SINIGAM RI*CEXPI —MINUS)*DELTRI RPPO4280
C RPPO4290
RETURN RPPO430 0
END RPPO4310
SUBROUTINE CLEWEA(EXO * EYO * EXC * EYC * EXX * EYXI RPPO4320
C RPPO4330
C	 THIS SUBROUTINE OUTPUTS THE CLEAR WEATHER I:OLATION AND PHASE RPPO4340
C RPPO4350
REAL	 ISOCL RPPO4360
COMPLEX MINU5J RPPO4370
COMPLEX*16 EXO t EYOrEXCoEYC * EXX * EYX RPPO4380
COMPLEX*16 VWAC * VWAX RPPO4390
REAL*8 VWACM *VWAXM ^ ^ RPPO4400
REAL*8 RCtL * AIMAG RPPO4410
C RPPO4420
C0MM0N/BL0C11MINUSJ * C0NV RPPO4430
COMMON/BLOC2/VW ACM
4C rim RPPO4 0
VWAC= EXO*E XC + EYO*EYC RPPO4460
VWAX=EXO*EXX + EYO*EVX RPPO4470
VWACR = REAL L VWAC i RPPO4480
9
VO
i
VWACI = AIMAG [ VWAC1 RPPO4490
VWACM=COABS ( VWAC) RPPO4500
IFIIVWACI.EQ.O.).AND.(VWACR.EQ.O.)1	 GO TO	 1 RPPO4510
VWACPR=ATAh''2 (VNACI,VWACR 1 RPPO4520
VWACPH=VWACPR/ CONV RPPO4530
GO TO 2 RPPO4540
1 VWACPW =0. RPPO4550
2 CONTINUE RPPO4560
VWAXR=REAL(VWAX) RPPO4570
VWAXI=AIMAG{VWAX I RPPO4580
VWAXM=CDABS(VWAXD RPPO4590
IF(VWAXI . EQ.O,	 BAND. VWAXR . EQ.0.)	 GO TO 3 RPPO4600
VWAXPR =A'TAN2(VWAXI rVWAXR ) RPPO4610
VWAXPH=VWAXPR/CONY RPPO4620
GO TO 4 RPPO4630
3 VWAXPR=O. RPPO4640
4 CONTINUE RPPO4650
C RPPO4660
PHASCW=VWAXPH— VWACPH RPPO4670
C RPPO4680
IFIVWAXM.EQ.0.1
	
GO TO 5 RPPO4690
C RPPO4700
ISOCL=20.*DLOGIO[VWACM /VWAXMI RPPO4710
WRITE(6o8)	 ISOCL RPPO4720
8 FORMAT(/ 9 3X,*THE CLEAR WEATHER ISOLATION REFERENCED TO THE ANTENNARPPO4730
I	 PORTS IS $ j 19X * F6.2,2X#'D8') RPPO4740
C ..•	
.._.
O O RPPO4750GO TO 7 0 RPPO4760
5 WR[TE [ 6,61 n RPPO4770
6
7
FORMAT( /, 3X, (THE CLEAR WEATHER ISOLATION IS INFINITY')
CONTINUE
.S
ob 
^
RPPG4760
RPPO4790
WRITE(6t9)	 PHASCW yp „^ RPPO4800
ra
I
VJ
RPPO4810
RPPO4820
RPPO4830
RPPO4840
R PPO,450
RPPO4860
RPPO4870
RPPO4880
RPPO4890
RPPO4900
RPPO4910
RPPO4920
R PPO4 93 0
RPPO4940
RPPO4950
RPPO4960
RPPO4970
RPPO4980
RPPO4990
RPP05000
RPP05010
RPP05020
RPPOS030
KPPOSO40
RPP05050
RFP05060
RPP05070
RPP05080
RPP05090
RPP05100
RPP05110
PPPOS120
a
rr..q	 nrr+^	 .^...^.,^
	
rr+s^
	
^...r+^	 ^+.-.	 ^.--.	 .^..r	 .^...^	 n,.^.^..y	
.	 7	 : _ ,-iA x,..,^ .4	 PAR	 foaq	 M
9 FGRMATI/93X,'THE CLEAR HEATHER PHASE DIFFERENCE0v46X*F7.2•
12XteDEGREES'l
C
RETURN
END
SUBROUTINE ICECOFIFRE09AMODEwFXXoFYYrFXYfLOKANGtRRATEsiipTHETAI
C
C	 THIS SUBROUTINE RETURNS TO THE CALLING PROGRAM THE EFFECTIVE
C	 SCATTERING COEFFICIENTS FOR A SLAB OF ICE PARTICLES. THE SLAB
C	 HAS 50% PROLATE PARTICLES AND 502 OBLATE PARTICLES. THE
C	 SCATTERING COEFFICIENTS ARE A FUNCTION OF PARTICLE SIZE AND
C	 ORIENTATION. THE PARTICLES ALL HAVE THE SAME CANTING ANGLE
C	 THETA. THE COEFFICENTS ARE DERIVED FROK RAYLEIGH SCATTERING
C	 TECHNIQUES.
C	 THE PARTICLE ECCENTRICITY IS VERY CLOSE TO ONE.
C
DIMENSION ICEiI0I,RRATE1151*THETA1I51
h L AL LOKANG
COMPLEX*16 FXXfFXVoFYY,APRCX*APROY*AOBLX*AOBLY#ASPH
C
C
C	 ICE CONCENTRATION INCREASES WITH RAIN RATE.
C	 IF ONLY CONSIDERING ICE IN THE PATH * RAIN RATE IS MEANINGLESS,
C	 BUT IT CONTROLS PARTICLE CONCENTRATION.
C	 RR=I9VOLICE=E—B...RR=50,VOLICE=E-6
C
VOLICE=RRATE(11*124.4346 08*LE-91/SQRTIAMODE}
C
I:ON=VOL ICE * I FREQ** 21 /0.1 B
CSTH=COSITHETAIIl1*42
SNTH=SINITHETA;III**2
CSLA=COSILOKANGI**2
rSNLA=SINILOKANGI**2 RPPOS130
C RPP05140
APROX= (6.81221 1 9-0.0268421 RPP05150
APRDY=(3.2685190-0.006179) RPP05160
A0BLX=(6.812211,-0.0268421 RPPOS170
ACBLY= 12.15 0047,-0.002 6741 R PP05180
ASPH= ( 3.95417 9 -0.009044 ) R PP05190
C RPP05200
AGBLX=ASPH*CSLA + AGBLX*SNLA RPPOS210
ACBLY=ASPH*CSLA + ADBLY * SNLA RPP05220
C RPP05230
FXX=CON*(SNTH*(APROY+AOBLY) + CSTH;(APRCX+AGBLX!) RPP05240
FYY=CON*(CSTH*(APROY+ACBLY) + SNTH*(APROX+AOBLX)I RPP05250
FXY=CUN*(APRDY+AOSLY-APROX-AOBLXI*SIN(THETA(I1)*COS(THETA(3)) APP05260
'	 C RPP05270
RETURN RPP05280
END RPP05290
SUBROUTINE rAPF(PEvAMUDE9FXX9FYY9FXY9FREQ9LOKANG9RRATEIIItTHETA &SIPPP05300
1GMA) RPP05310
C RPP05320
C THIS SUBROUTINE RE TURNSTO THE CALLING PROGRAM THE COMPLEX RPP05330
C SCATTERING COEFFICIENTS FXX,FXY.FYX,FYY. 	 THESE COEFFICIENTS PPP05340
C INCLUDE THE EFFECTS OF A DROP SIZE DISTRIBUTION AND A RPPOS350
C CANTING ANGLE DISTRIBUTION. 	 (THE ABSOLUTE VALUE OF THE CANTING RPPOS360
C ANGLE RANGE :S LESS THAN 100 DEGREES) RPP05370
C RPPOS380
DIMENSION RRATE(15) 9 THETA(15)vPE(151rNf20p28) RPP05390
DIMENSION SIGMA1101 O c RPPOS400
INTEGER P,Q ts1 RPP05410
REAL LUKANG 9 N t? RPP05420
COMPLEX* 16 FXX 9 FXY 9 FYY Z RPPOS430
COMPLEX*16 FV,FH9FSPH 9 DIFF RPP05440
C ^
s
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C RPP05450
CALL NOIRRATE * I1eN,AMODEsTMETA.SIGPA) RPP05460
C RPPOS470
FXX= (0.0,0.0) RPP05480
FYY=tO.0,0..0' RPPOS490
FXY=I0.0.0.01 RPP05SOO
C RPP05510
00 1 P=2928 RPPOSS20
C RPP05530
RADIUS-0.125/2.0 + IP-11*0.125 RPP05540
C RPP05550
CALL COEFIFREQsRADIUSoFV,FH,FSPHoDIFFoLOKANG) RPP05560
c RPP05570
DO 1 Q*1,20 RPP05560
C RPPO 5590
TkETASs—b.832596 + 0.174533+9 RPPOS600
C R PPOS 610
IFISIGMAIIII.EQ.0.OD THETAS=THETAIIII RPPOS620
C RPP05630
SNTH=SINITHETAS)++2 RPP05640
CSTH=CO5ITHETA g )*+2 RPPOS650
C RPP05660
FXX=FXX + NtOoP ) O tI1.— PEIIII I*FSPH+PEIIII S IFV+ SNTH+FH*CSTHII RPPOS670
FYY=FYY + NIO . P)*III—PEIIIIIsFSPH+PEIII)*(FV*CSTH +FH+SNTH)) RP`3,05680
FXY-FXY + NtOrPI*PEIIII *OIFF*SINITHETASI *COS(THETASI RPPOS690
C RPP05700
1 CONTINUE RPP05710
RETURN RPP05720
END APP05730
SUBROUTINE NO(RRATEe II oN fAMODE , THETAvSIGMAI RPP05740
C RPP05750
C	 THIS SUBROUTINE RETURNS TO THE CALLING PROGRAM RPP05760
v
I
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C	 THE NUMBER OF DROPS IN THE QTH CANTING ANGLE CLASS AND RPP05770
C	 THE PTH DROP SIZE CLASS. RPP05780
C RPP05790
DIMENSION CANNUMd201vAREAl201vSIGMA(?01 RPP05800
DIMENSION RRATE115)vTHETAl15D.NI20928! RPP05810
INTEGER P 9 0 RPP05820
REAL N F NUMTOT RPP05830
C RPP05840
NUMTOT=RRATEIIII*5.83333/IAMODE**3.51 RPPOS850
C RPP05860
IFISIGMAIIII.EQ.0.01 GO TO	 2 RPP05870
c
t^
RPP05680
CALL NUMCAN(NUMTOT ,THETA , CANNUMv F I eS IGMA1 RPP05890
E RPP05900
GO TC 4 RPP05910
2 CONTINUE RPP05920
DQ 3 J=1.20 'd RPP05930
CANNUM(J)=NUMTOT/20.0 RPP05940
3 CONTINUE r, RPP05950
4 CONTINUE RPP05960
DELTAA=0.125 RPP05970
C RPP05980
DO 1 Q= 1 t 20 RPP05990
DO L P=2,28 RPP06000
C RPP06010
RADIUS=0.125/2.0 f	 IP— L)*0.125 RPP06020
C RPP06030
IF(RADIUS.LE.AMODEI N(0.P)=CANNUM(Q)*DELTAA*RADIUS/AMODE**2 RPP06040
I F I RADIUS. GT .AMODE IN I0. P 1= CANNUM I Q 1*2.*DELTAA* 11.--. 5*RADIUS/AMODE 1 RPP06050
1 /AMORE RPP06060
1FIRADIUS . GT.12.*AMODEII	 NIQ.P!=0.0 RPP06070
C RPP06080
V
c,n
I
1 CONTINUE
RETURN
END
SUBROUTINE NUMCANINUMT :IT*THETA*C ANNUMvII * SICMA1
C
C THIS SUBROUTINE RETURNS TO THE CALLING PROGRAM THE
C NUMBER OF DROPS IN ALL THE DISCRETE INTERVALS.
C THE DISTRIBUTION IS THE NORMAL DISTRIBUTION.
C SIGMA CAN EQUAL ZERO OR GREATER THAN 10 DEGREES
C
DIMENSION AREA(20)*CANNUM(201
DIMENSION SIGMAIIO)
DIMENSION THETAIIS)
READ NUMTOT
C
SIGMAP=SIGMA(II)*0.0L7453
C
IFISIGMAP . LT.0.174531 SIGMAP =. 17453
C
C C}
00 1	 I=1 P 19
C ^y
K= I--1
THETAP=-1.57079 + K#0.174533 G y
U=[THETAP—THETAIIIII/1.4142136/SIGMAP
C
r
r
IFIU.LT.0.01 AREAII)=0.5*ERFC(ABS1U)! +AL
I.F (U. EQ. 0.01 AREA( 11=0.5
IF(U.GT.0.01 AREA(I)=0.5*ERFIU) + 0.5
C
1 CONTINUE
CANNUMd11=NUMT(jT*AREA(11
F
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RPP06090
RPP06100
RPP06110
RPP06120
RPP061.30
RPP06140
RPP06150
RPP06160
RPP06170
RPP06180
RPP06190
RPP06200
RPP06210
RPP06220
RPP06230
RPP06240
RPP06250
RPP062.60
RPP06270
RPP06280
RPP06290
RPP06300
RPP06310
RPP06320
RPP06330
RPP06340
RPP06350
RPP06360
RPP06370
RPP06380
RPP06390
RPP06400
a
a^
CANNUM(20)=NUMTOT*(i.0 — AREAII9)) RPP06410
C RPP06420
IE(CANNUM(20).LT.L.E-10) CANNUM(20)=0.0 RPP06430
C RPP06440
00 2	 I= 1918 RPP06450
C RPP06460
K=I+1 RPP06470
C RPP06480
CANNUMi*t)=NUMTOT*(AREA(K) — AREAIII) RPP06490
C RPP06500
IF(CANNUMIK).LT.I.E--101
	 CANNUM(K)=0.0 RPP06510
C RPP06520
2 CONTINLIF RPP06530
C RPP06540
RETURN RPP06550
END RPP06560
SUBROUTINE COEF(FREQ,AHODE,FV,FHeFSPHeDIFF # LGKANGI RPP06570
C RPP06580
C	 THIS SUBROUTINE RETURNS 70 THE CALLING PROGRAM THE SCATTERING
	
RPP06590
C	 COEFFICIENTS FOR SPHERICAL AND OBLATE RAIN DROPS. RPP06600
G	 THE COEFFICIENTS ARE A FUNCTION OF FREQUENCY AND DROP SIZE	 RPP06610
C	 AND ELEVATION ANGLE.	 THE COEFFICIENTS USED ARE THOSE OF UZUNOGLU#RPP06620
C	 EVANS AND HOLT. RPP06630
C RPP06640
COMPLEX CMPLX RPP06650
DOUBLE PRECISION UI.U2,U3,U4,U5 RPP06660
REAL LOKANG RPP06670
C RPP06680
COMPLEX*16 FV,FHoFSPH,DIFiF 	 40 RPP06690
C RPP06700
IF(AMODE.LT.0.25) AMUDE=0.25 RPP06710
IF ((INT(FREQ).EQ.11 ).AND. (:AMODE.GT.3.5I )
	
AMOOE=3.5 RPP06720
VV
f"
i.q	 c.arc.mief
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IF(TINT[FREQ).EQ.14).AND.IAMODE.GT.3.5)) AMODE=3.5
IFI(INT(FREQ).EQ.20).ANO.(AMODE.GT.3.0)) AMODE=3.0
IFI(INT(FREQ).EQ.30).AND.(AMODE.GT.3.0)) 4MODE=3.0
C
U1=AMODE
U2=AMODE**2
U3=AMODE**3
U4=APODE**4
#	 C
U5 =AMGDE**5
^C.
' C 11.0 GHZ COEFFICIENTS
11070
C
IF(IAITCFREQ).NE.11)	 GO TO	 1
?	 C
C SPHERICAL DROP COEFFICIENTS
I	 C
IF(AMODE.GT.1.00) GO TO 10
i	 Et
FOR=-0.0020548+0.01638947*U1-0.0417568*1.2+0.08832213*U3
EOI=-0.0025154+0.01928553*UI-0.04568!6*U2+0.03655L47*U3
GO TO 11
10 CONTINUE
C
FOR=-1.28155706+2.83287718*UL-2.07399678*U2+0.60190887*U3
1-0.00984194*U4-0.0 ).09616 5* U5
EOI=2.60278025-7.52434662*UL+8.14691632*U2-4.12133971*U3
1 +0.99 089467*U4--0.0873178 8*U5
C
GO TO 12
It CONTINUE
RPP06730
RPP06740
RPP06750
RPP06760
RPP06770
RPP06760
RPP06790
RPP06800
RPP06810
RPP06820
RPP06830
RPP06840
RPP06850
RPP06860
RPP06870
RPP06880
RPP06890
RPP06900
	 I
RPP06910	 V
RPP06920
	 co
RPP06930
	 I
RPP06940
RPP06950
RPP06960
RPP06970
RPP06980
RPP06990
RPP07000
RPP07010
RPP07020
RPP07030
RPP07040
RPP07050
RPP07060
RPP07070
RPP07080
RPP07090
RPPO?1 00
RPP07110
RPP07120
RPPOT130
RPP07140
RPP07150
RPPOT160
RPP07170
RPP07180
RPP07190
RPP07200
RPP07210
RPP07220
RPP07230
RPP07240
RPP07250
RPP07260
RPP07270
RPP07280
RPP077'r
RPPO),jU
RPP07310
RPPOT320
RPP07330
RPP07340
RPP07350
RPP07360
C
V
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z
C	 OBLATE DROP COEFFICIENTS
C
EV90R=-0.001322+0.01036867*UL-0.425372*U2+0.07072533*U3
EV901=-0.0024306+0.01861967*U1-0.0440732*U2*0.03507413*U3
EH90R--0.0023684+0.01878307*U1-0.0473704*U2*0.09255572Y*U3
EH901=-0.0030366+0.02320527*U1-0.0546296*U2+0.04299093*U3
DIFFR=-0.0010464+0.0084144*U1-0.0219984*U2+0.0218304*U3
DIFF1=-0.000606+0.0045856*U1-0.0106064*U2+0.0079168*U3
C
GO TO 1000
12 CONTINUE
C
EV90R=-0.3653892+0.32540943*U1+0.452 80976*U2-0.53907398*"J3
1+0.20309215*U4-0.02432204*U5
F.V901 =2.20618555-6.19251766*U1+6.43873903*U2-3.090414*U3
1+0.70600211*U4-0.0607173*U5
EH90R=2409022706-7.07345119*U1+9.03639726*U2-5.33156215*U3
1+1.49716423*U4-0.15747063*U5
EM901=3.28654422-9.68217951*U1+10.71102231*U2-5.5491184*U3
1+1.36694565*U4-0.12512466*15
01FFI=1.08034369-3.48962081*U1+4.2722407*U2-2.45868344*U3
1+0.661193861*U4-0.06440692*U5
C
IFIAHODE . GT.2.01 GO TO 120
C
DIFFR--0.32599997+0.7531995*U1-0.57039996*U2+0.15039999*U3
GO TO 1000
C
120 CONTINUE
C
DIFFR=11.94200847-14.59334299*U1+5.80600359*U2-0.7346671*U3
IV 1
E
e.`mo..y W^-^'a. 	 E:. sEiW R.a:r1.J	 Ex.rs+.i 	 I^w;«."^	 ^c+M
	
in*roJ
	
w.*ny	 r^q	 arwrwJ	 P^. '1	 1++w.l	 ioM'+ve	 Perri *+^i	 warr	 swwJ	 fir.
C POP07370
GO TO 1000 RPP07380
C RPPOT390
1 CONTINUE PPP07400
t
C RPP07410
C 14 GHZ COEFFICIENTS RPP07420
y C RPP07430
1FMJTIFREp1 ,NE.141 GO TO 2 RPP07440
E C RPP07450
C SPHERICAL DROP COEFFECIENTS RPP07460
C RPP07470
IFIAMODE.GT.t.001 GG TO 20 RPP07480
L RPP07490
FEOR=-0 .001376+0.012776 *U1--0.04013A *U2+0.128736*U3 RPP07500
EOI=-0.008796+0.06731467*UL-0. t58b*U2+0.1241bt33*U36 RPP075io
C RPP07520
GO TO 21 RPP07530
f 20 CONTINUE APP07540
f C RPP07550	 0s FOR=- 12 . 13707993 +34.85683676 *UI-37.84887378*U2+19.48995359 *U3 RPP07560
1-4.69149 894*U4+0.42548 47 7*U5 RPP0 7570
EOI=--8.4550178+22- ':7909617*U1--23.38444001*U2+11,09553161*U3 RPP07580
1-2.4L694538*U4+0.1990766 6 *U5 RPP07590
C RPP07600
GO TO 22 RPP07610
21	 CONT114UF RPP07620
C RPP07630
G OBLATE DROP COEFFICIENTS RPP07640
C RPP07650
EV90R=--0.000248+0.00335467*U1-0.013928*U2+0.10002133*U3 RPP07660
EV901=-0.008436+0.06455867*U1-0.152256*U2+0.11893333*U3 RPP07670
EH90R=-0.000656+0.007656*U1-0.029656*U2*0.122656*U3 RPP07680
to ,-	 ^.:>:^:,	 ,-^,.-.-... . _. .,.._ 
.^r.r.r
	 ..rr.orq	 .....+.w
	 r•.bwy	 w+rrn	 ++.r+^
	
,.,^,,.w	 r^..r
	
w4......	 ..r~^	 ..:.o..^	 .,..^..,M	 '.-w.^.y	 rr^+,	 p"r"'^	 ^"^"+.^	 t++^^
	
^r.
EH901-0.010366+0.079154*U1-0.18596*U2+0.143872*U3 RPP07690
D IFFR=-CzO00408+0.00430133*U1--0.015728*U2+0.02263467*U3 RPP07700
©IFFI=-Oa00193+0.01459533*U1-0.033704*U2+0.0249387*U3 RPP07710
c RPP07720
GO TO 1000 RPP07730
22 CONTINUE RPP07740
C RPP07750
EV90R=-4.48493663+12.45481829* U1--12.90182271*U2+6.32901913*U3 RPP07760
1-1.42 805671*U4+0.,11875 301*U5 RPP07770
EV90I=-0.1923376+0.3425132*U1- 0.196242*U2+6.07468968*U3 RPP07780
G RPP07790
I F 5 AMGDE. ST.2.5 ! GO TO 24 RP"07800
0 PPP07810
E1490I = 1.10276458-3.74696237 *UI+4 * 48042001*U2-7.22964317 *U3 RPP07820
1+0.42010037*U4 RPPOIS30
DIFFR--0.15268404+0.39830845*U1-0.3527577*U2+0.11767014*U3 RPP07840
DIFFI;--L.29960041+2.93303524*U1--2.15255009*U2+0.5206384*U3 APP07850	 -^
E RPP07860	 co-
IFIAMODE.GT.2.001 G© TO 25 RPP07870
G RPP07880
EH90R=-1.02599992+2.30733317*UI-1.60799988*UZ+0.4266664*U3 RPP07890
C RPP07900
GO TO 1000 RPP07910
24 CONTINUE	 "" RPP07920
c RPP07930
EH901=2.51000033-2.03000022*U1+0.62000004*U2 RPP07940
D1FFR=-15.85152202+16.27189723*U1-6.6814066[*U2+0.79411153*U3 RPP07950
DIFFI=22.32321586-44.48661458*111+30.17926125*U2-8.469255-55*U3 RPP07960
1+53.85300427*U4 RPP07970
RPP07980
GO 3D 1000 RPP07990
25 CONTINUE RPP08000
v	 j
t	
s
t....rq	 r.ww.n..f
	
wa.u.^e
	 a ,^	 Lo-.r7	 4«:s	 W4	 itiaa.+^;	 R^r^.a j	 r+^y	 _.—.	 ,w..ho	 .^
C
EH90R=- 19.65+20.6567*U1-6.66*U2+046933*U3
C	 GO TO 1000
2 CONTINUE
C
C	 20 GHI COEFFICIENTS
IFIINT(FREQ) . NE.20) GO TO 3
:y
C
C	 SPHERICAL DROP COEFFICIENTS
C
IF(AMODE.GT.1.0) 60 TO 30
C
EDR=0.020296-0.145276*UL+0.297656*U2+0.006224*U3
C
ECI=-04015488+0. 12709133*UI-0. 334568*U2+0. 30583467*U3
C
Gq TO 31
30 CONTINUE
C
FOR=3.35567152-8.61818659*U1+7.8157989*U2-2.68217917*U3
1+0.3108073*U4
EUI=1.85636463--3470750898*U1+2.19599302*U2-0.25148145*U3
C
GO TO 32
31 CONTINUE
C
C	 OBLATE COEFFICIENTS
C
E V90R=0.02454800-04 17912133*U1+0.3 84448*U2-0.07447467*U3
C!+90I=-0.013492- 0411190533*U1-0.299032*U2+0.27853867*U3
RPP08010
RPP08020
RPP08030
RPP08040
RPP08050
RPPOS060
RPP08070
RPP08080
RPP08000
RPP08100
RPP08110
RPP08120
RPP08130
RPP08140
RPP08150
RPP08160
RPP08170
RPP08180
	 I
RPP08190	 co
RPP08200
	 N
RPP08210
	 i
RPP08220
RPP08230
RPP08240
RPP08250
RPP08260
RPP08270
RPP08280
RPP08290
RPP00300
R PPOS 310
RPP08320
00
w
_ ^	 -	
._..^ Ki`
	
BFI•
EH90R=0.02282-0. 16596667*U1+0.34976*U2-0.03061333*U3 RPP08330
EH901=--0.015178+0. 12623933*U1-0.33 848*U2+0.31533867*U3 RPP08340
DIFFR=0.000072+0.00175467*U1-0.015488*U2+0.03426133*U3 RPP08350
DIFFI=-0.001686+0.014334*U1-0.039448*U2+0.0368*U3 RPP08360
C RPP08370
GO TO 1000 RPP08380
32 CONTINUE RPP08390
C RPP08400
EV90R=1.56037246-3.974L9757*U1+3.66524972*U2-1.24458239*U3 RPP08410
1+0.14526662*U4 PPP08420
EV90I=4.77376463-13.63610787*UI+14.83397997*U2 RPP08430
1-7.66136891*U3+1.96881573*U4-0.19749381*U5 RPPOS440
EH90R=4.63026679-11.97374109*UI+11.0254653*U2 RPP08450
1-4.0050613*U3+0.50244373*U4 	 I RPPOS460
E H901=-1.5390057+6. 3417 866* U 1- 9.3 532 887 9*U2+6.20987895*U3 R VP08470
1-1.74544867*U4+0.17820925*U5 RPPOS480
DIFFR=3.06989428-8.00354339*U1+7.36021547*U2 RPP08490
1-2.76047886*U3+0.3571771*U4 RPP08500
DIFFI =-6.31274803+19.97783334*U1-24.1872053*U2+13.8712166*U3 RPP08510
1- 3.71425705*U4+0,3757024*U5 RPP08520
C RPP08530
GO TO 1000 RPP08540
3 CONTINUE RPP08550
C RPP08560
IFIINTIFREQf.NE.301	 GO TO 2000 RPPOS570
C 0 RPP08580
C 30 GNZ COEFFICIENTS RPP08590
C RPP08600
C SPHERICAL DROP COEFFICIENTS	 ^p ^ RPPOS610
C [[ y RPP08620
IFIAMODE.GT.1. 01 GO TO 40 RPP00630
C RPP08640r
RPP08650
RPP08660
RPP08670
RPP08680
RPPOS690
RPP08700
RPP08710
RPP08720
RPP08730
RPPOST40
RPP08750
RPP08760
RPP00770
RPP08780
RPP08790
RPP08800
RPPO88L0
RPP08620
RPP08830
RPPOS840
RPPOO850
RPP08860
RPP08870
RPP08880
RPP08890
RPPOS900
RPP00910
RPP08920
RPP08930
RPP08940
RPP08950
RPP08960
4*
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C
c
FOR =0.028004-0.221564,%U1+0.530744*U2+0.022816*U3
EOI=--0.007072+0.093298 66*U1-0.390112*U2 +0.55688533*U3
GO TO 41
40 CONTINUE
FOR=-1.95096901+3.4107597*UL-0.82790307*U2--0.3998i48:TU3
L+0.1291964*U4
EOI=5.77798866-16.3876166*UI+16.10102407*U2-6.06482662*U3
1+0.82747918*U4
C
GO TO 42
41 CONTINUE
C
C OBLATE DROP COEFFICIENTS
C
1 EV90R=0.03542- 0.2838733*U1+0.7038*U2-0.15834666*U3
EV901=0.013876-0.064756*UL-0.026904*U2+0.290784*U3
EH90R=0.031652-0.252652*U1+0.614952*U2-0.049952*U3
EH901=-0.000532+0.04746533*U1-0.299512*U2+0.50957867*U3
DIFFR=-0.003768+0.03122133*U1-0.088848*U2+0.10839467*U3
D IFF I=-0.014408*0. 11222133*UL-0.272608*U2+0.21879467*U3
C
GO TO 1000
42 CONTINUE
C
EV90R=3.93161268-10.97208846*U1+11.43870068*U2
1-4.78953064*U3+0.69447892*U4
EV901=3.12729055-9.08249632*U1+9.16246329*U2
1+-3.47227982*U3+0.47769632*U4
EH90R=-6.97583 584+ 1.6.79179963* U1-13.5.3607686*U2
1+4.63811854*U3-0.57535653*U4
b:
w
FHR=CSLA*EOR+SNLA*EH90R C RPP09100FHI=—CSLA*EOI--SNLA*EH901 ^.'^; RPP09110
DIFFR=—SNLA*DIFFR
RPP0912DDIFFI=SNLA*DIFFI
EOR=0.001*EOR RPP09440
EOI=--0,001*EOI ov RPP09150
C ^G^ RPP09160
FV=.:MPLXIFVR * FVI ) RPP09170
FH=CMPLXIFHR,FHI) RPP09180
FSPH=CMPLXIEOR,EOII RPP09190
DYFF=C '7PLX(DIFFR v 0IFFII RPP09200
C RPP09210
GO TO 3000 RPP09220
C RPP09230
2000 WRITE(6 9 2001) RPP09240
2001 FORMATI//0X 9 6 FREQUENCY NOT ALLOWEDs ONLY ll t l4t 20 00 GHZ ALLOWEDIRPP09250
!) RPP09260
C RPP09270
STOP RPP09280
00Ln
I
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1	 i
EH901=-1.39373246+1.72736066*Ui-0.14076091*U2+0.05474057*U3 	 RPP08970
DIFFR=-10.90744851+27.76388807*U1-24.974 717753* U2	 RPP08980
1+9.42764918*U3-1.26983545*U4 	 RPP08990
DIFFI=5.33984552-17.209,20477*U1+20.7812541*U2 	 RPP09000
1-11.64360435*U3f3.07942'484*U4-0.30370378*05	 RPP09OLO
	
C	 RPP09020
1000 CONTINUE	 RPP09030
	
C	 R PP09040
AL PH=1.57679& -LOKA NG	 RPP09050
CSLA=0.001*COSIALPH)**2
	
RPP09060
SNLA=0.001*SINSALPH)**2 	 RPP09070
FVR=CSLA*EOR+SNLA*EV90R	 RPP09080
FVI=—CSLA*EOI—SNLA*EV90I 	 RPM:090
C
C
C
C
C
C
C
C
C
C
C
RPP09290
RPP09300
RPP09310
RPP09320
OUTANT(EXNaEYNsEXCoEYCsEXXsEVX P I * ISOL1sATTENI * PHASEI) RPP09330
R PP09340
THIS SUBROUTINE TAKES THE X AND Y COMPONENTS OF THE WAVE EXITING RPP09350
THE RAIN CELL )EXNsEYN) AND USES THE COMPLEX VECTOR METHOD 	 RPP09360
TO COMPUTE VALUES FOR ATTENUATIONS ISOLATION S AND PHASE AS A	 RPP09370
RESULT OF fhE RAIN MEDIUM AND POLARIZATION MISMATCH EFFECTS OF THERPP09380
RECEIVE ANTENNA	 RPP09390
THIS DATA IS STORED IN PROGRAM MEMORY FOR LATER OUTPUT 	 RPP09400
RPP09410
REAL ISOLI RPP09420
COMMON/BLOCI/MINUSJsCONV RPP09430
COMMON/BLOC2/VWACH RPP09440
RPP0945 0
DIMENSION PHASEI(100)sATIENIL100)sIsnLIIZOO) RPP09460
RPP09470
COMPLEX MINUSJ RPP09480
COMPLEX*16 EXCsEYC S EXX S EYX RPP09490
COMPLEX*16 VWPAC S VWPAX RPP09500
COMPLEX*I6 EXN s EYN RPP09510
REAL*8 VWPACMsVWPAXM RPP09520
REAL*8 REAL S AIMAG RPP09530
RPP09540
VWPAC=EXN*EXC t EYN*EYC RPP09550
VWPAX=EXN*EXX + E;N*EYX RPP09560
RPP09570
RPP09580
VWPACR=REAL(VWPA0 RPP09590
VWPACI=AIMAGtVWPAC) RPP09600
C
C
3000 CONTINUE
C
RETURN
END
SUBROUTINE
0crt
RPP09610
RPP09620
RPP09630
RPP09640
RPP09650
RP909660
RPP09670
RPP09680
RPP09690
RPP09700
RPP09710
RPP09720
RPP09730
RPP09740
RPP09750
RPP09760
RPP09770
RPP09780
RPP09790
RPP09800
RPP09810
RPP09820
RPP09830
RPP09840
RPP09850
RPP09860
RPP09870
RPP09880
RPP09890
RPP 09900
RPP09910
RPP09920
wV
VWPACM=CDABS(VWPAC)
VWPACR=ATAN2IVWPACI * VW PACRI
VWPAXP=VWPACR/CONY
C
VWPAXR= REA L IVW PAX )
VWPAXI=A.IMAGIVWPAX)
VWPAXM--CDABS 1VWPAX I
VWPAXR=ATAN2(VWPAXI*VWPAXR)
VWPAXP=VWPAXR/CGNV
IF(VWPAXM.LE.0.0000011 VWPAXP=0.0
C
PHASE III)= VWPAXP-VWPAXP
C
IFIPHASEIIII.LT.O.0) PHASEIII)=PHASEI[I)+360.0
C
I SOL1( I)=20.*DLOGI O(VWPACM/VWPAXP!)
ATTENIIII=20.*DLDGIOIVWACH/VWPACM)
C
RETURN
END
SUBROUTINE CURVEIX*Y*IIIvA*B*R.K)
C*
C* THIS SUBROUTINE PERFORMS A LINEAR REGRESSION ON ARRAYS X*Y
C*
C* POWER FITS,L©G FITS * AND EXPONENTIAL FITS ARE DUNE BY
C* TAKING THE LUG OF THE INPUT DATA WHERE APPROPRIATE
C*
C* THE CALL STATEMENT FOR THIS SUBROUTINE IS
C*
C*	 CALL CURVEIX*Y *III*ARB*R*KI
C*
q	 w—
I
C* WHERE RPP09930
C* X IS A SINGLE DIMENSIONED ARRAY WITH III ENTRIES RPP09940
C* Y IS A SINGLE DIMENSIONED ARRAY WITH III ENTRIES RPP09950
C y A AND 8 ARE THE RETURNED COEFFICENTS RPP09960
C* R IS THE RETURNED CORRELATION COEFFIICENT R**2 RPP09970
C* K IS THE FLAG FOR THE TYPE OF CURVE FIT RPP09980
C* K=1
	
LINEAR FIT	 Y=A+B*X RPP09990
C* K=2	 POWER FIT	 Y=A*X**B RPP 10000C* K=3	 LOG FIT	 Y=A+B*LNf XI RPP10010
C* K=4
	
EXP FIT	 Y= A*EXPIB*Xf RPPI0020
C* RPPI0030
C RPPI0050
DIMENSION X1300fvYf3001 RPPI0060
C RPPI0070
IF fIII.LE.11 GOTO 50 RPPI0080
C RPPIO090
X1=0 RPP10100
X2=0 RPP10110
Y1=0 ''0 RPP 1012 0
Y2=0 GS
'
RPPI0130
XY=O RPP10140
DO 10 1=19111 91 7` RPP 1015 0
XX=XtIt Q.*c RPPI0160YY-Yt It ^, RPPIO170
IF(K.EQ.1D GO TO 20 RPP10180
I F f K. EQ.4! GO TO 30 RPP 1019+0
XX=ALOG(XX) RPP10200
IF(K.EQ.3) GO TO 20 RPPIO210
30 YY=ALOGIYYI RPPIO220
20 X1=XL+XX RPP10230
X2=X2+XX*XX RPP10240
m
co
fry
YI=Y1 +YY
Y2=Y2+YY*YY
XY=XY+XX*YY
10	 CONTINUE
XN=FLOATIIII)
8=(XN*XY-X1*Y1) /IXN*X2°X1*XI,)
A=Y1/XN-B*X1/XN
R=1XN*XY X1*Y1)**2/IIXN*X2--X1*XI.)*IXN*Y2-Y1*Y1)1
IFIK.EQ.I.0R.K.EQ.3) RETURN
A=EXPIA)
RETURN
50	 A=1.0
8=1.0
R=0.0
RETURN
END
0 O
Vd
RPPLO250
RPPIO260
RPP10270
RPPIO280
RPPL0290
RPPI0300
RPPL0310
RPPI0320
RPP10330
RPP10340
RPPI0350
RPPI0360
RPP10370
RPPI0380
RP.P 1039 0
RPPL0400	 i
J
00
to
